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Summary 

 

This thesis, entitled: “Freestanding ultrathin nanomembranes as sample 

supports for structural studies” reports on ultrathin films that have been 

investigated, developed and applied for fixing biological material (as 

protein crystals or single molecules) for experiments at synchrotrons, X-

ray free electron lasers (XFELs) or in electron microscopes.  

When utilized at XFELs these ultrathin membranes with the specimen 

serve as so-called: “fixed targets” a type of sample delivery system, an 

alternative to the commonly used liquid jets, initially developed for serial 

femtosecond crystallography (SFX). The main advantage of the fixed 

target approach is the possibility of the precise positioning of the sample 

in relation to the X-ray beam, which in ideal cases can provide 100% hit 

rate during diffraction data collection.  

Low-dose X-ray fluorescence detection of metal markers localized onto the 

membrane supporting sample can additionally improve the precision and 

facilitate automation of the data acquisition in SFX, especially on non-

regularly and non-uniformly distributed specimens. 

Protein crystalline material can be either directly grown on the solid 

support, as demonstrated by using a model system on silicon nitride 

membranes on silicon chips or deposited from an aqueous suspension as 

well as lipidic cubic phase, alternatively another viscous matrix.  

Relatively large in situ grown lysozyme crystals sandwiched between two 

X-ray transparent windows in microfabricated wells served as a sample 

for studying damage processes at the femtosecond scale in pump/probe 

measurements with split-and-delay X-ray optical setup. 

Further development of two-dimensional materials towards increased 

performance especially should consider: the requirement of robust 

mechanical stability, high transparency to the radiation used in the 

structural study as well as compatibility of their physicochemical 

properties when preserving the native state of the investigated bio-

material. 

 

Keywords: freestanding ultrathin nanomembranes, X-ray free electron 

lasers, fixed targets, electron microscopy, diffraction, protein 

crystallography, JUNGFRAU detector, self-assembly, 2D materials 
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 A 

 
Overview 

 

 

“Better to do something good and be late than bad and be early” 
Elon Musk 

 

 
The main aim of this dissertation is to summarize investigations 

conducted on the application of freestanding ultra-thin films as solid 

supports (a.k.a. fixed targets) for the biologically relevant samples. 

Diffraction-based measurements using large-scale facilities like 

synchrotrons, free-electron lasers as well as transmission electron 

microscopes are the selected methods covered in this thesis.  

 

Introduction 

 

Chapter 1 entitled: “Direct protein crystallization on ultrathin 

membranes for diffraction measurements at X-ray free electron lasers”, 

describes in situ crystallization on the silicon nitride membranes in silicon 

chip using lysozyme as a model system. Crystalline sample size and 

density together with preparation strategy was optimized for serial, room 

temperature diffraction data collection at synchrotrons and FELs. 

Own contribution: design and microfabrication of supports, crystallization 

tests and production final optimized samples, development of the 

enclosure system, dehydration protection for the crystals (asymmetric 

sandwich), writing the manuscript.  

 

Chapter 2 entitled: “Demonstration of femtosecond time-resolved X-ray 

diffraction on protein crystals”, presents femtosecond time-scale 

diffraction dynamics measurements in pump/probe mode using X-ray 

optics-based split-and-delay line on protein crystals prepared as described 

in chapter 1. 

Own contribution: crystalline protein sample preparation, fabrication 

support membranes for X-ray optical gratings, participation in the 

assembly of the set-up and the diffraction data collection at the XCS 



 B 

endstation of the X-ray Free-electron Laser LCLS, data analysis, 

evaluation and interpretation, writing the manuscript. 

 

Chapter 3 entitled: “X-ray fluorescence detection for serial 

macromolecular crystallography using a JUNGFRAU pixel detector”, 

describes development of the fiducial metallic markers for crystal 

localization before diffraction data collection at synchrotrons and XFELs. 

The applied method takes advantage of low-dose detection of heavy 

elements by X-ray fluorescence.  
Own contribution: design and fabrication of the test samples, including 

iterative improvements; assembly of the final samples with protein 

crystals, writing M&M section of the manuscript, comments and 

corrections on the full text. 

 

Chapter 4 entitled “Supramolecular architectures of molecularly thin yet 

robust free-standing layers”, reports on formation of free-standing, 2-

dimensional, crystalline thin films based on calixarenes. Dipole-dipole 

interactions between the molecules provide stability of the material. 

Several methods, including X-ray crystallography, XPS, NEXAFS, AFM, 

TEM imaging and electron diffraction (ED) gives detailed description of 

the investigated supramolecular organic network. 

Own contribution: investigation initiation of the free-standing calixarene-

based membranes formation process, TEM imaging (data collection and 

interpretation), analysis of the ED data, comments and corrections on the 

manuscript.  

 

Chapter 5 gives an outlook and perspective for further possible, 

alternative investigations as well as development of the optimal solutions 

for the sample delivery utilizing a fixed target approach in the future of 

the project and concludes the thesis. 

 

Appendix A supplementary manuscript: “Femtosecond phase-transition 

in hard x-ray excited bismuth”, reports on ultrafast melting of bismuth 

crystal (femtosecond range). Lattice phase transition was triggered by 

intense 5 keV X-ray pulses and followed via observation of the (111) Bragg 

peak reflection decay.  
Own contribution: Preparation of support membranes for X-ray optical 

gratings and assembly of the setup at XCS endstation of LCLS (cf. Ch2), 

commented on the manuscript. 

 

Appendix B  Supporting information for the Chapter 1 

Appendix C  Supporting information for the Chapter 2 

Appendix D  Supporting information for the Chapter 3 

Appendix E  Supporting information for the Chapter 4 
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Intro 
 

 

“All imperfection is easier to tolerate if served up in small doses.” 

- Wisława Szymborska, poet, Nobel Lecture Stockholm 7.12.1996 

 

 

 

An introduction to freestanding ultrathin nanomembranes 

 
 Structural studies of biologically relevant molecules aim to find 

their shape at the atomic, molecular and supramolecular level. Together 

with protein function and mechanisms of interactions, structural 

information is highly desirable for biologists allowing them to understand 

in detail the building blocks of life. 

 Sample preparation is a key component of any analytical procedure. 

The properties of the support placed underneath or around the biological 

material, which delivers the sample to be structurally investigated plays 

an important role in diffraction measurements as well as imaging. 

 Most of the difficulties in preparation of the samples for structural 

studies on ultrathin materials, ensure high signal-to-noise ratio, are 

related to intrinsic properties of these films: they are very fragile, brittle, 

and challenging to handle by hand/tweezers. They are also generally 

sensitive to irradiation by X-rays or the electron beam. Cooling down to 

cryogenic temperatures of the specimen reduces the impact of radiation 

damage; however, this puts additional requirements on the sample 

support to withstand low temperatures. This usually makes ultrathin 

films even more brittle and possibly alters other, desired properties of the 

material like conductivity. Processes that require micro- (or nano-) 

fabrication and cleanroom conditions are expensive. However, mass-

fabrication protocols once established, reduce the production costs of the 

sample support. Considering all of the above issues, selection of the 

optimal solution for sample delivery is non-trivial. 

 

 A new era in structural biology and protein crystallography started 

when X-ray free electron lasers came into operation [I1], as these provide 

an intense source of X-rays that facilitates data collection in the “diffract-
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before-destroy” regime and the possibility to investigate the ultra-fast 

dynamics of biomacromolecules using X-ray diffraction [I2].  

 

Sample delivery methods for XFEL 

 

 Initially, so-called liquid jets providing hydrated streams of 

nanocrystals were developed and widely used as the main sample delivery 

method [I3]. This concept was followed by improvements of the injectors 

used in bringing protein crystals surrounded by much more viscous media 

[I4], like lipidic cubic phase or grease in a slower, well-controlled manner 

to the interaction spot with the X-ray beam. Conveyor belts with thin film 

tapes [I5], static mixers of mix-and-inject concept for diffusion-induced 

reactions [I6-I8] or lab on the chip drop ejection methods [I9] can be also 

employed in the experiments of specific requirements.  

 

 Alternatively, the development of the fixed-target approach 

included tests with silicon [I10] and silicon nitride-based technology [cf. 
Chapter 1]. Materials that are less brittle and easier to fabricate, but with 

less precision such as COC, Kapton foils, PDMS, or polycarbonate chips 

were also used [I11]. Amorphous materials give diffused signals and 

increase the detected noise, whereas the positions of reflections in the 

background from crystalline membranes can be easily predicted in 

reciprocal space and filtered out from the diffraction data or completely 

avoided (e.g. the case of silicon, graphene films [I12]) if located in low q 

(high resolution) range. 

 

Thin films for transmission electron microscopy 

 

 Silicon nitride membranes over silicon frame assembled in 

a microfluidic chip [I13] have been reported before, especially for the 

samples in aqueous solutions in transmission electron microscopy (TEM) 

studies, as a so-called “nanoaquarium” approach. Other, commonly used 

materials as support films for biological TEM to date [I14] are: amorphous 

carbon (used as easy to prepare, continuous ultrathin film, or thicker, and 

holey/lacey/quantifoil® form with regularly placed openings – beneficial 

when automatic data collection performed), pristine graphene as a film 

[I15] or encapsulating material (e.g. graphene cell [I16]), graphene oxide, 

carbon-based nanomembranes [I17], metallic alloys, e.g. Ti88Si12 (due to its 

high electrical conductivity) [I18] or doped silicon carbide. Recent studies 

also include a novel method applying self-blotting gold nanowire grids 

which can produce even, thin, vitreous ice and improvement in overcoming 

preferred particle orientation crucial for data completeness of 

macromolecules in imaging and diffraction mode [I19-I20]. 
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Different properties of ultrathin film materials 

 

The thin films employed in structural studies can have different 

properties, belong to different types of materials: organic/inorganic, 

hydrophilic/hydrophobic, conductive (electric, thermal)/insulators; can be 

a monolayer of 2D material or form a composite, amorphous or crystalline. 

These parameters have to be carefully selected to match the desired 

properties of the sample support for structural studies, like stability, 

transparency and the most importantly, for it to be compatible with the 

investigated biomaterial. 
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Synopsis: In situ protein crystallization on highly X-ray transparent 

nanomembranes and an application for the collection of diffraction data at 

free electron lasers.  
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Abstract  
A new era of protein crystallography started when X-ray free-electron 

lasers (XFELs) came into operation, as these provide an intense source of 

X-rays that facilitates data collection in the ‘diffract-before-destroy’ 

regime. In typical experiments, crystals sequentially delivered to the beam 

are exposed to X-rays and destroyed. Therefore, the novel approach of 

serial crystallography requires thousands of nearly identical samples. 

Currently applied sample-delivery methods, in particular liquid jets or 

drop-on-demand systems, suffer from significant sample consumption of 

the precious crystalline material. Direct protein microcrystal growth by 

the vapour diffusion technique inside arrays of nanolitre-sized wells is 

a method specifically tailored to crystallography at XFELs. The wells, 

with X-ray transparent silicon nitride windows as bottoms, are fabricated 

in silicon chips. Their reduced dimensions can significantly decrease 

protein specimen consumption. Arrays provide crystalline samples 

positioned in an ordered way without the need to handle fragile crystals. 

The nucleation process inside these microfabricated cavities was 

optimized to provide high membrane coverage and a quasi-random crystal 

distribution. Tight sealing of the chips and protection of the crystals from 

dehydration were achieved, as confirmed by diffraction experiments at a 

protein crystallography beamline. Finally, the test samples were shown to 

be suitable for time-resolved measurements at an XFEL at femtosecond 

resolution. 

 

1.1. Introduction 
 

Detailed structural information on proteins and other biomacromolecules 

is crucial to understand biochemical processes and design new medicines. 

Several methods are routinely used to obtain such information, e.g. 
nuclear magnetic resonance (NMR) [1.1-1.3] electron microscopy (EM) 

[1.4-1.6] or X-ray diffraction [1.7-1.9]. X-ray free electron lasers (XFELs) 

are rapidly becoming an indispensable addition [1.10]. The latter provide 

ultrahigh peak brilliance of femtosecond short X-ray pulses, which allows 

the detection of diffraction signals from crystals much smaller than those 

studied at synchrotron sources, i.e., even from nano- and 2-dimensional 

(2D) crystals [1.11-1.12]. This is made possible by outrunning radiation 

damage in the “diffract-before-destroy” regime: compared to synchrotrons, 

a much higher dose is applied in a time shorter than that of typical X-ray 

induced molecular rearrangement or damage processes, and the 

diffraction signals arising from one single X-ray pulse are collected. 

However, when a pulse of the extremely intense radiation interacts with 

the sample, the crystal is damaged and no longer diffracts, which means 

that it cannot be used again. Thus, data collection has to be carried out in 

a serial approach where femtosecond diffraction experiments are 

performed on a large number of individual protein crystals [1.13]. 

Adequately prepared samples containing thousands of crystals, each of 

which can be smaller than 1 μm, have to be delivered to the beam in 

a short time. To this end, injector-based methods for aqueous suspensions 
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[1.14] and lipidic cubic phase (LCP) [1.15] have been successfully applied 

to achieve this for both, soluble and membrane proteins, in order to 

determine their structure. These methods, however, in particular the 

liquid jets, require large amounts of sample in order to obtain full and 

conclusive datasets due to the high flow speed. In an ideal case, when 

crystals are embedded in a slow flowing viscous medium such as agarose 

or LCP prior to injection, a flow rate of 160 nl per min was required, while 

typical flow rates for aqueous suspensions can be up to 100 times higher 

[1.16-1.17].  

Alternatively, samples are immobilized on solid supports. This “fixed 

target” approach has the advantage that it uses significantly less 

biological material and allows a visual pre-selection of target sites.  In one 

of the first time-delay holography experiments with an XFEL, polystyrene 

spheres 140 nm in diameter, were deposited on 20 nm silicon nitride 

membranes present in a silicon chip backed by a multilayer-coated plane 

mirror to form a sandwich-like packaging, and used for femtosecond time-

delay X-ray holography [1.18]. Since then, there have been numerous 

attempts to optimize the fixed target approach. In particular, deterioration 

of the sample upon drying and the transparency of the support material 

have to be considered. In addition, protein crystals are very fragile. They 

are prone to lose quality due to dehydration and require preservation or 

waterproof protection. The methods used to maintain crystal quality while 

diffraction data is collected include sugar-embedding, e.g., using trehalose 

[1.19], Paraton-N oil coverage [1.20], vitrification [1.21], “sandwich” 

enclosure [1.22] or wrapping in watertight graphene sheets [1.23]. 

The microfabrication strategy used to obtain relatively transparent thin 

freestanding silicon nitride membranes in silicon frames is well-

established and widely applied, as described, e.g., by Gibb & Ayub [1.24]. 

Windows of this type, in some cases with an octadecyltrichlorosilane (OTS) 

coating, and windows of thin carbon film with a poly(methyl methacrylate) 

layer [1.25] were used for the collection of diffraction data of 2D crystals of 

membrane proteins embedded in sugar [1.26]. Zarrine-Afsar et al. 
deposited concentrated suspensions of lysozyme and ferritin 3D crystals 

onto silicon nitride membranes for XFEL experiments [1.27]. 

Microfabricated silicon chips combined with a Mylar foil backing were also 

described as suitable for visual inspection as well as high-speed 

spectroscopy mapping for red myoglobin crystals [1.28]. Development 

towards full automation of the serial data collection has been show with X-

CHIP designs [1.29]. Goniometer-based serial femtosecond crystallography 

on polymeric meshes and grids has been also reported [1.30] as example of 

helical and raster scanning data-collection strategies avoiding XFEL 

exposure of a previously exposed sample area.  

Recently, supports that allow the fixed target XFEL analysis of 3D 

microcrystals deposited in small wells [1.31-1.33] or enclosed in between 

thin polymer films [1.34-1.36] were developed. A microfluidic system that 

allows microcrystals grown elsewhere to be harvested and directly 

examined in an array of hydrodynamic traps is also available and provides 

an efficient way to capture individual crystals at defined positions [1.37].  



 4 

Large 3D protein crystals can be obtained by various standard methods, 

e.g., crystallization in gels [1.38], under microgravity [1.39] or by seeding 

[1.40]. The growth of crystals directly on the support subsequently placed 

in the FEL beam would be particularly attractive for 2D protein crystals, 

as these are easily deteriorated when handled. Such samples have been 

employed for atomic force microscopy (AFM) and EM studies. For 

example, 2D streptavidin crystals were grown on mica surfaces covered by 

phospholipids partially modified by biotin [1.41]; the morphology of the 

crystals obtained depended on the pH value of the mother liquid. Further, 

large (approximately 5 μm) 2D crystals and ultrathin 3D crystals of the 

H+-ATPase found in the plasma membrane of the red bread mould 

Neurospora crassa were grown directly on the surface of a carbon film 

supported gold-plated copper EM grid [1.42].  

Here, we report the direct crystallization of proteins on silicon nitride 

nanomembranes for fixed target XFEL experiments. The design and 

microfabrication steps of silicon chips that can be used in combination 

with nanoliter-volume liquid handling systems are described. The growth 

of crystals by vapour diffusion methods on silicon nitride membranes and 

the use of a sealed asymmetric sandwich system developed to prevent 

crystals from drying before being probed by the XFEL beam are 

demonstrated. The described in situ crystal growth (as an example of the 

fixed target approach) is especially useful when large quantities of similar 

crystals are required, e.g., for pump-probe experiments at XFELs. One 

specific aim of the crystallization experiments was to provide many 

crystals that are large enough to be hit in a split-delay X-ray optical setup 

for pump-probe experiments [1.43] by two sets of X-ray beams (pump-

probe and reference) that respectively illuminate pumped and reference 

areas separated by approximately 70 μm. 

 

1.2. Experimental details 

 1.2.1. Microfabrication 
 

Single-crystal silicon <100> wafers, 240–260 μm in thickness and 100 mm 

in diameter, obtained by the Czochralski process (Si-Mat Silicon 

Materials, Germany) and polished on both sides, were covered with 

a 250 nm thick layer of low-stress amorphous silicon nitride grown by low-

pressure chemical vapour deposition (CVD) (Centre de 

MicroNanoTechnologie, EPFL, Switzerland). Subsequently, a positive tone 

resist (S-1813, Microposit, USA) was spin-coated onto the silicon nitride 

layer on both sides of the wafer using a spin speed of 4000 rpm for 40 s 

and an initial ramp of 400 rpm/s. The deposited layer was soft-baked on 

a hot plate at 388 K for 90 s. The resist on one side of the wafer was then 

patterned [Fig. 1.1(a), part (i)] with the template for silicon nitride 

windows by a photolithography process (cf. Section 1.3.1. and Fig. BS1 in 

the supporting information). The regular pattern of squares was aligned 

with the cut primary flat of the wafer, which corresponds to the 

orientation of the crystal lattice planes and mounted in soft contact mode 

(i.e. no direct contact between the mask and the resist on the wafer) using 
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a mask aligner (MA6 Maskaligner, Karl Süss, Germany). The stack was 

exposed to UV light at a wavelength of 365 nm, 10 mW power. A multiple-

exposure mode (2 x 10 s with a 15 s interval) was used to transfer the 

patterns from the specially designed polymeric photolithography mask 

(printed by Selba SA, Versoix, Switzerland) with a replication accuracy of 

2 μm. Afterwards, the resist was developed in MF-321 solution 

(Microposit, USA) for 70 s, rinsed with water and dried in a stream of 

nitrogen [Fig. 1.1(a), part (ii)]. In the next step, silicon nitride was 

completely removed from the areas not covered by the resist in a reactive-

ion etching chamber (RIE 100, Oxford Instruments, UK) using fluoroform 

(CHF3, gas flow rate 40 s.c.c.m.; s.c.c.m. = standard cubic centimetre per 

minute) and oxygen (O2, gas flow rate 5 s.c.c.m.) as the process gases.  

 

 
 
Figure 1.1 Microfabrication and use of a silicon chip with nanomembrane windows for 

serial crystallography. (a) The microfabrication steps carried out to obtain a Multi-well 

Array Generated for In situ Crystallization (MAGIC): (i) photolithography to transfer 

a geometric pattern to a resist layer; (ii) reactive ion etching to form silicon nitride 

windows and resist removal in a solvent bath; (iii) potassium hydroxide etching to form 

thin silicon nitride membranes. (b) Setup for crystallization experiments on silicon 

nitride-membrane chips in the hanging-drop (left) and sitting-drop (right) arrangement. 

(c) The asymmetric sandwich assembly employed to protect crystals during XFEL (or 

synchrotron beamline) experiments. Note that the applied geometry allows wide-angle 

data collection; chips with larger membrane windows are used as lids. 
 

An inductively coupled plasma was applied at a forward power of 800 W. 

Afterwards, the wafer was sequentially washed in filtered high-quality 

acetone (MOS PURANAL grade, Merck) and isopropanol (Micropur grade, 

Technic France) to remove the resist [Fig. 1.1(a), part (ii)]. Subsequently, 
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anisotropic wet etching was performed in 20% KOH solution at 353 K for 

approximately 3.5 h to form freestanding silicon nitride membranes 

[Fig. 1.1(a), part (iii)]. After this step, the wafer was immediately placed in 

water at 333 K and washed by soft agitation. All water used was of 

ultrapure quality (resistivity 18.2 MΩ*cm). The wafer was then washed in 

a fresh portion of water at 323 K, followed by 5 min in 10% hydrochloric 

acid (HCl) (diluted from 37% HCl, Sigma–Aldrich, Switzerland) at 313 K 

to avoid the formation of precipitates (contaminants) upon drying. Finally, 

the membranes were washed in water at room temperature and dried in 

a spin dryer (Polos SPIN150i/200i Infinite, SPS Europe BV, Netherlands) 

for 2 min at 500 rpm, or using a nitrogen gun with the gas stream running 

parallel to the membranes. Single chips were separated from the full 

wafer to form individual substrates by cleaving along fine lines that were 

included in the initial pattern on the lithography mask and created by 

partial etching into the wafer that took place during the anisotropic wet 

etching step (Fig. 1.1a). 

 

 1.2.2. Crystallization setup 
 

The vapour diffusion method was employed to grow protein crystals in situ 

on the silicon nitride windows of the chips. Both sitting-drop (SD) and 

hanging-drop (HD) geometries were tested (Fig. 1.1b). Crystallization 

experiments were set up in double-bottomed transparent polymeric boxes 

(two-well μ-Slide, ibidi, Germany). All prepared solutions were kept on ice 

before deposition. A 200 mg ml-1 stock solution of lysozyme from chicken 

egg white (AxonLab No. 9001-63-2, Switzerland) was prepared by gently 

agitating a suspension of the powder in water in a 1.5 ml Eppendorf tube 

by means of a pipette. The stock was diluted further with water to give 

concentrations ranging from 25 to 100 mg ml-1. 

A 20 μl aliquot of the mixture of protein solution with precipitating agent 

(full details are given in Table BS1 in the supporting information) was 

pipetted onto the fenestrated chip (a 14 x 14 window array placed with 

1 mm pitch) with square membranes of a = 100, 200, 300, 400 or 500 μm 

in size and spread over all 196 wells with a cut pipette tip held by curved 

tweezers. To enable monitoring of crystal growth without the risk of the 

sample drying out or overheating (melting) in the microscope light, chips 

with deposited solutions were mounted on the inner part of the ibidi box 

lid (HD geometry) or base (SD geometry) and secured with Scotch tape at 

the corners.  

A small spacer was used to ensure that the silicon nitride membranes did 

not come into direct contact with the box. This was either a rolled piece of 

Scotch tape or a small piece of silicon wafer (thickness 250 μm) placed on 

a thin strip of the double-sided adhesive tape (thickness 100 μm) fixed to 

the inner side of the crystallization chamber lid or base. Several chemical 

conditions were tested, including the addition of a few microlitres of 50% 

polyethylene glycol (PEG, Sigma–Aldrich) in H2O or 100% ethylene glycol 

(EG, Sigma–Aldrich) to the aqueous lysozyme solution (full details are 

given in Table BS1 in the supporting information). A 1 ml aliquot of 
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reservoir solution (precipitating agent) prepared from 1 M sodium acetate 

(NaAc, Sigma–Aldrich) pH 4.5, 3 M sodium chloride (NaCl, Sigma–

Aldrich) and water in the proportion 1:2:7, resulting in final 

concentrations of 0.1 M NaAc and 0.6 M NaCl, was pipetted at the very 

bottom of the ibidi boxes (Fig. 1b). After incubation for several hours to 

allow crystal growth, the chips were imaged with a Leica M205C stereo 

microscope (Mannheim, Germany). 

 

 1.2.3. Automatic deposition of the crystallization solutions 
 

To have more control over the sample volume, a dispensing device 

equipped with a microcapillary nozzle and able to handle liquid volumes 

down to 5 nl [1.44] was used to deposit the sample in the individual wells 

of a silicon chip. To avoid evaporation of minute amounts of the deposited 

solutions, the silicon chip was placed on a temperature-controlled stage 

and cooled to the dew point of the environment during this process. 

Initially, 500 nl of the solution to be dispensed were aspirated by 

a dispensing nozzle (New Objective, USA, FS360-100-30, inner diameter 

100 μm with a tapered tip of 30 μm diameter) with a flow rate of 1 μl/min. 

The wells, with volumes of about 20 nl, were filled either with 50:50 

mixtures of an aqueous 50 mg/ml lysozyme solution and precipitating 

agent solution with the same composition as the reservoir solution above 

(0.1 M NaAc, 0.6 M NaCl, pH 4.5) or in sequential order (first with the 

protein and then with the precipitating agent solution or vice versa) with 

a deposition flow rate of 10 μl/min. Once loaded, the chips were mounted 

in a large VDX 24-well crystallization plate (Hampton Research) in the SD 

geometry and incubated at room temperature versus 0.5 ml of reservoir 

solution placed at the bottom of the plate wells. After several hours of 

incubation at room temperature, they were observed using a light 

microscope (Axiophot, Zeiss, USA) to assess crystal growth. 

 

 1.2.4. Screening crystallization conditions on the chip 
 

To demonstrate the feasibility of using the silicon nitride membrane chips 

for screening experiments carried out to establish the optimal conditions 

for crystal growth, a chip with 500 μm x 500 μm membranes was loaded 

with the following lysozyme solutions: (i) lysozyme at a concentration of 

50 mg ml-1 in 50 mM NaAc buffer pH 4.5; (ii) the solution in (i) plus 50% 

PEG aqueous solution and reservoir solution (0.1 M NaAc and 0.6 M NaCl 

pH 4.5) in the proportions 9:1:1; or (iii) lysozyme at a concentration of 

50 mg ml-1 in H2O. A pipette was used to deposit 8 μl aliquots of the 

solutions on the different regions of the chip. Each single drop covered 

approximately 25 wells. Once loaded, the chips were mounted in HD 

geometry in an ibidi box as described above, incubated versus 1 ml of 

reservoir solution and imaged after 8 h using a Leica ML95 light 

microscope (Mannheim, Germany) equipped with a Moticam 5.0 MP 

camera (Motic, Hong Kong). 
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 1.2.5. Sandwich assembly  
 

Double-sided 100 μm thick adhesion tape (Laminex spacer, Molecular 

Dimensions, MD11-50) was used to assemble asymmetric (contact well to 

membrane side) watertight chambers out of two chips. A thin adhesive 

frame (2 mm wide) was cut out of a continuous foil and placed on one side 

of one chip. This chip serving as a lid was first fixed, adhesive side up, on 

a cube of soft Styrofoam-like material (Hobbyatelier Brugg, Switzerland) 

using 400 µm thick needles inserted through 400 µm x  400 µm square 

orifices (‘knockout’ membranes; cf. Fig. BS1 in the supporting information) 

at its corners. A second grid was used for an SD or HD crystallization run. 

Once the run was complete, the second grid with crystals grown on its 

membrane was aligned to the lid using the needles and squeezed gently 

together around the frame with tweezers to form a sealed ‘sandwich’ (Fig. 

1.1c). 

 

 1.2.6. Structure refinement from the synchrotron 

diffraction data collected on in situ grown crystals 
 

Diffraction data from several lysozyme crystals prepared in HD geometry 

(cf. Table BS1 in the supporting information, chip 48) and enclosed in 

a sandwich were collected at room temperature on the X06SA PX-I 

beamline at the Swiss Light Source at the Paul Scherrer Institute, 

Switzerland, using a 40 µm x  20 µm beam at a wavelength of 1.00 Å. The 

full flux of 1.5x1012 photons s-1 was attenuated to 0.3% for data collection. 

Data were collected with an EIGER X 16M photon-counting detector 

placed 200 mm from the sample with a rotation of 0.1° per frame and 

exposure of 0.1 s per frame. Owing to geometric constraints, the total 

rotation range of the chip was limited to about 50°. Data from two 

individual crystals from one chip were merged to obtain a full data set. 

Data indexing was done with the program package XDS [1.45], and scaling 

and merging with XSCALE [1.46]. Structure solution was done by 

molecular replacement with the program MOLREP [1.47], using the 

Protein Data Bank (PDB) code 2lyz as search model. Structure refinement 

was done using REFMAC [1.48], BUSTER [1.49] and phenix.refine [1.50], 

and model validation using MOLPROBITY [1.51]. 

 

 

 

 

1.3. Results and discussion 

 1.3.1. Chip design  
 

The chip layout (Fig. BS1 in the supporting information) was designed for 

serial femtosecond crystallography, which requires several hundreds to 

thousands of similarly placed crystals. A number of quality and 

microfabrication requirements influenced the final geometry of the chip. 
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The chip had to (i) be compatible with double-bottomed crystallization 

chambers (Fig. 1.1c), (ii) be strong enough to be handled manually during 

crystallization experiments and mounting in the XFEL beam, (iii) 

facilitate in situ crystallization, (iv) allow the microwells to be sealed by 

stacking two chips, and (v) enable fast shifts from window to window 

during data acquisition. Regarding these points, we found the following 

limitations: the geometry of the wells is defined by the anisotropic etching 

process and the angle between the crystallographic planes of the single-

crystal silicon; in addition, the applied photolithographic process requires 

the application of sufficiently wide lines (at least 50 μm) between the 

patterned features, limiting the well density. For example, a minimal 

distance of 550 μm is required between the centres of 200 μm2 windows in 

a 250 μm thick silicon wafer. Thinner wafers are much more difficult to 

handle during the microfabrication processes, as silicon is brittle and 

fragile. The overall size of the chips was 17 mm x 17 mm, so that they 

would fit into 20 mm x 20 mm crystallization chambers (Fig. 1.1b). They 

were patterned with fully symmetric arrays of 196 square-bottomed 

cavities (14 x 14) placed with a distance of 1 mm between the centres of 

the squares (Fig. BS1 in the supporting information). The microfabrication 

process started with polished silicon <100> wafers coated with a 250 nm 

thick layer of silicon nitride on both sides, and consisted of three major 

steps: (i) photolithography on the reverse of the wafer to define the 

pattern; (ii) reactive ion etching to transfer the pattern into the silicon 

nitride; and (iii) anisotropic wet etching in 20% KOH solution through the 

silicon wafer to create deep cavities defined by the thickness (250 μm) of 

the silicon wafer (Fig. 1.1a, and see Section 1.2.1). Their mechanically 

stable bottoms were formed by the remaining 30–250 nm thick amorphous 

low-stress and smooth silicon nitride layer. The square membranes had an 

area of 40 000–250 000 μm2 and were uniform in size over each chip. The 

wells had an approximate volume of 38–117 nl, which gives an overall chip 

capacity between 7448 and 22 932 nl when the wells are filled to the rim. 

Chips with larger (500 and 1000 μm) silicon nitride membrane windows 

could be used as ‘lids’, i.e. they were stacked on top and sealed (Fig. 1.1c), 

allowing wide-angle data collection. Large silicon nitride membranes, 

which formed at defined positions in all four corners of the 2 mm wide 

outer frame of every chip at an equal distance from the edge (Fig. BS1 in 

the supporting information), were removed with a thin needle. These 

openings served as alignment aids when asymmetric sandwiches were 

assembled (Fig. 1.1c). 

 

 1.3.2. In situ crystallization  
 

The chips described above were used as solid supports for the in situ 

crystallization of lysozyme and fixed-target XFEL data collection. Direct 

crystallization on ultrathin silicon nitride freestanding films by vapour 

diffusion was performed in the HD and SD geometries (Fig. 1.1b). The first 

crystals were usually visible under a light microscope a few hours after 

deposition of the crystallization solution (minimum 6 h). 
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The size and crystal form of the growing crystals depended on the 

crystallization conditions in the silicon wells. Crystals with different 

shapes and sizes were obtained and were positioned in a wide range of 

crystallographic orientations on the silicon nitride membranes; full details 

are given in Table BS1 in the supporting information. The average 

coverage of the wells with crystals of the desired size was more than 90%.  

The balance between the formation of new crystals and crystal growth is 

related to the amount of protein available. In the vapour diffusion method, 

the protein and salt concentrations increase as the drop equilibrates with 

the reservoir solution. Once the protein reaches supersaturation, 

nucleation and crystal growth are in competition. It is known that several 

critical factors affect the dimensions of the protein crystals obtained [1.11]. 

The concentration of a protein in the crystallization solution is an 

important variable. When the concentration was too low in the HD and SD 

experiments, the nucleation rate was low and few crystals grew. This low 

crystal density led to insufficient coverage of the membrane, but usually 

favoured the formation of large crystals. When the protein concentration 

was too high, nucleation rates were high, leading to clusters of many small 

crystals. When the concentration of the protein was much too high, i.e. 
close to the solubility limit, precipitation without crystal formation was 

observed.  

During crystallization experiments in the chamber, the difference between 

the concentration in the protein solution and that in the reservoir solution 

was the driving force that caused water to evaporate from the drop. This 

led to nucleation and further crystal growth. The crystallization process 

proved to be critical for the mechanical stability of freestanding ultrathin 

silicon nitride membranes during the incubation period (Fig. BS2 in the 

supporting information), which also depended on their thickness, 

uniformity and lack of pinholes, i.e. the quality of the CVD coating. The 

very thin intact membranes (30 nm) fabricated initially tended to break. 

The probability of nucleation and the growth of crystals were increased in 

the corners of the wells, as smaller crystals were observed to cluster in 

these areas. Presumably, the membranes broke when the forces exerted on 

the film were too high during formation of the crystals. As a result, 

samples intended for time-resolved XFEL measurements were prepared 

on 250 nm thick membranes. 

 

 

 1.3.3. Multiwell silicon chips for screening crystallization 

conditions 
 

Microfabricated multiwell chips are suitable for nanovolume 

crystallization screening and allow the optimum crystallization conditions 

to be determined with minimal protein consumption. Their use together 

with XFELs promises to facilitate the structural analysis of proteins that 

are difficult to obtain in large quantities. As an initial proof of concept, 

8 μl portions of three lysozyme solutions in buffers with different pHs 

were pipetted by hand onto selected areas of a multiwell chip. Each 
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sample covered an area of approximately 25 wells. Crystallization was 

carried out in the HD geometry. Crystals were evident after 8 h, and had 

different morphologies (habits) in the three regions of the chip (Fig. 1.2). 

 

 
Figure 1.2 Crystals grown under different conditions on silicon nitride membrane 

windows of the same chip. The size and shape of the crystals obtained depended on the 

composition of the sample buffer. (a) Lysozyme concentration: 50 mg ml-1 in 50 mM NaAc 

buffer pH: 4.5. (b) Solution as in part (a) modified with 50% PEG solution and reservoir 

solution (0.1 M NaAc and 0.6 M NaCl, pH: 4.5) in proportion 9:1:1, (c) 50 mg ml-1 

lysozyme solution in miliQ H2O. 

 

 1.3.4. Crystals from automated nanolitre dispension 
 

Nanoliter sample volumes have to be dispensed to make full use of the 

chips for screening and to allow the crystallization conditions to be varied 

from well to well. This requires the use of a robot such as the one 

described by Arnold et al. [1.44]. This automated unit was employed in the 

present study and is equipped with a glass capillary nozzle with a 30 μm 

orifice (inner diameter), and with a dew-point stage to reduce liquid 

evaporation (Fig. 1.3). It was used to deposit precise volumes ranging from 

5 to 15 nl into each well. As the capacity of the wells used in these 

experiments was approximately 22 nl, the concave meniscus formed by the 

liquid was below the rim and mixing of the solutions deposited in different 

wells was avoided.  

The deposition of nanolitre-volume drops from the tip of the nozzle proved 

difficult, especially when dispensing 5 nl volumes. The droplet crept along 

the nozzle and foreclosed deposition in the silicon well. It has been 

reported that the application of a hydrophobic coating to the nozzle can be 

used to overcome this problem [1.44].  

Alternatively, contact-mode deposition of 15 nl volumes was employed. 

This was achieved by touching the inclined wall of the silicon well, formed 

by anisotropic etching of the single-crystal chip, with the tip of the nozzle 

and allowing the liquid to flow down the sides to the silicon nitride 

membrane at the bottom (Fig. 1.3b) (a short film showing the deposition is 

provided as online supporting information). Contact between the nozzle 

and the fragile membrane was avoided. However, this approach increased 

the time required to fill the chip.  
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Figure 1.3 Crystal growth in nanoliter wells: (a) Top view of the silicon chip on the dew 

point stage; the 5 x 5 well array is 2 mm x 2 mm in size. (b) Nanoliter wells being filled 

with protein solution by contact-mode deposition. The dark wells at the top are filled, 

while the bright wells at the bottom empty. It took about 2 min to fill the array. The inset 

shows the capillary when moved away from the chip surface. (c) Lysozyme crystals grown 

on the 100 μm x 100 μm 30 nm thin silicon nitride membranes from deposited nanoliter 

volumes of 50 mg ml-1 lysozyme mixed 1:1 with precipitating agent (0.1 M NaAc, 0.6 M 

NaCl, pH 4.5). Crystallization was carried out in the SD geometry. 

 

 1.3.5. Crystal growth optimization for time-resolved 

measurements at the FEL 
 

Protein crystals grown in situ as described in Section 1.3.2, and protected 

from dehydration by a second silicon nitride membrane as described in 

Section 1.2.5, were used to investigate radiation damage processes in the 

femtosecond range at the FEL X-ray source at the Linac Coherent Light 

Source (LCLS, Menlo Park, California, USA; Section 1.3.6). In the course 

of the crystallization trials (Table BS1 in the supporting information), 

crystal growth was optimized to maximize the probability of X-ray 

interaction with the crystals, i.e. to maximize the expected hit rate during 

data collection. Conditions giving the maximum coverage of the membrane 

window by crystals with large lateral dimensions (150–200 μm) (Fig. 1.4a) 

or by a high density of smaller crystals (approximately 50 μm) (Fig. 1.4b) 

were sought. The crystals observed on 200 μm x 200 μm membranes were 

usually the largest and had the optimum dimensions and distribution 

density for time-resolved measurements (Fig. 1.4a).  
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Figure 1.4 In situ crystal growth on silicon nitride membranes with density optimization. 

(a) Single protein crystals grown on membranes filling majority of the membrane window 

– the ideal case that will provide almost 100% hit rate on serial diffraction data 

collection. The crystals shown were grown (HD geometry) at room temperature under 

different conditions as detailed in Table BS1 in the supporting information: (i) chip 30, 

(ii) chip 31, (iii) chip 20, (iv) chip 36. (b) Protein crystals grown (HD geometry) at RT from 

solutions (mixtures with precipitating agent) incubated beforehand overnight at 277 K 

are shown on membranes of various sizes. The conditions are detailed in Table BS1 in the 

supporting information: (i) chip 11, (ii) chip 12, (iii) chip 4, (iv) chip 6.  

 

A strong influence of the crystallization solution storage temperature 

before deposition on the chip on the crystal growth was observed. 

Performing crystallization at room temperature from solutions previously 

stored at 277 K overnight usually resulted in growth of a higher density 

of smaller crystals compared with experiments run under the same 

conditions with freshly prepared solutions (Fig. BS3 in the supporting 

information). It turned out that storage at lower temperatures leads to 

protein aggregation and the formation of clusters of protein acting as 

nucleation centres as soon as supersaturation is reached. These clusters 

seem to be stable enough to sustain an elevated temperature during setup 

of the crystallization. Increased density and reduced size of crystals grown 

from solutions conditioned at lower temperatures were observed 

independent of other parameters, including the size of the membrane (Fig. 

1.4b).  

Growth initiated from the window corners was often observed. As 

a consequence, using much larger membrane windows with single crystals 

resulted in poor coverage of the centre of the window (Fig. BS5 in the 

supporting information). Therefore, when aiming for high coverage of the 

membrane by single crystals, the crystal size and window should be 

similar. Growth initiating from the window corners can also lead to 

maximal coverage of the membrane, when a single crystal grows over the 

single membrane and the crystal size matches the membrane dimensions.  

As expected, the chemical composition of the salt solution was a further 

important crystallization parameter. Using salt solutions of different pH is 
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known to influence the crystallization of lysozyme, leading to different 

morphologies [1.52]. The final size of the crystals obtained is also affected 

by the pH value, since it is directly related to the net surface charge of the 

molecule (isoelectric point). Moreover, additives such as PEG or EG that 

interact with the solvation shell of protein molecules have an impact on 

the final crystal shape. Indeed, the addition of such surface-active 

substances in the present study modified the shape of the protein crystals 

formed and tended to change their aspect ratio, resulting in elongated rod-

like crystals (Fig. 1.5). 

 

 
Figure 1.5 The influence of additives on the direct crystallization of lysozyme on silicon 

nitride membranes. The presence of additives in the protein buffer resulted changed the 

aspect ratio of the crystals. (a) 50 mg ml-1 lysozyme in 50 mM NaAc buffer. (b) As in part 

(a) but plus PEG. (c) As in part (a) but plus EG. For details, see Table BS1 in the 

supporting information, chips (a) 20, (b) 17 and (c) 13. 

 
Table 1.1 Data collection (beamline PX-I) and refinement statistics for in situ grown 

crystals. 

Data collection  
Temperature (K) 293 

Wavelength (Å), phasing method 1.00, MR (PDB ID 2lyz) 

Total range collected per crystal (°) 50 

Number of crystals merged 2 

Space group P43212 

Unit cell parameters a, b, c (Å),  
α = β = γ (°) 

79.50, 79.50, 37.81,  

90 

Resolution (Å) 50-1.57 (1.61-1.57) 

Rmeas 0.05 (0.847) 

<I/σ(I)> 13.74 (1.04) 

Completeness 0.954 (0.952) 

CC1/2 99.9 (70.5) 

Mosaicity (°) 0.033 

Refinement  
Rwork/Rfree 0.1656/0.1840 

Bond lengths RMS (Å), bond angles RMS 

(°) 

0.005, 0.77 

Ramachandran favored (%) 99.25 

Ramachandran outliers (%) 0 

Rotamer outliers (%) 0 

Clashscore 1.00 

Average B-factor (Å2) 30.44 

PBD code 5ne0 
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 1.3.6. Assessment of in situ grown crystal quality by 

synchrotron radiation 
 

In order to assess the quality of lysozyme crystals grown in situ and their 

preservation in the sandwich-type enclosure (Section 1.2.5.), diffraction 

experiments were carried out at room temperature on the PX-I beamline 

at the Swiss Light Source (SLS, PSI). Data were collected from individual 

50–100 μm crystals selected using an inline microscope (Fig. BS6 in the 

supporting information) on a chip assembly that was mounted on the 

goniometer head. The sample could be tilted by about ±30° without 

shadowing the crystals by the supports. Data were collected under crystal 

rotation by about 50°, leading to high-quality data sets (Table 1.1), 

although with limited completeness depending on the crystal orientation. 

Merging data sets from two tetragonal crystals with different orientations 

on the support yielded complete crystallographic data at 1.57Å resolution. 

Structure solution and refinement provided a high-quality electron-

density map (Fig. 1.6).  

 

 

    
 
Figure 1.6 Details of the electron density obtained from the 1.57 Å room-temperature 

data set collected from lysozyme crystals enclosed between silicon nitride membranes 

(PDB code 5ne0). (a) Residues THR47–ILE55. (b) Disulfide bonds between CYS64–CYS80 

and CYS76–CYS94. The difference maps showed no residual density on the disulfide 

bonds, which indicates that the bonds remained intact and that the protein structure 

suffered no significant radiation damage. The 2Fo – Fc maps are shown as blue meshes 

contoured at 1σ. Stick models show N atoms (blue), O atoms (red), S atoms (yellow) and C 

atoms (grey). 

 

For full data set statistics and refinement details, see Fig. BS7 and Table 

BS2 in the supporting information. All quality parameters of the obtained 

data and model compare favourably with other lysozyme entries in the 

PDB. The low mosaicity given by XDS (0.033°) and the sharpness of the 

peaks (Fig. BS7 in the supporting information) are consistent with room-

temperature crystals in a good state of conservation. This proves that the 

crystals were satisfactorily protected by the silicon nitride enclosure. 
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 1.3.7. Sample preparation for time-resolved 

measurements and the collection of diffraction data 
 

Large protein crystals on solid supports were produced for time-resolved 

measurements aimed at the investigation of X-ray induced damage in the 

femtosecond range using a split-delay X-ray optical setup similar to the 

one described earlier [1.43]. A detailed report, including a full description 

of the experiment and the results of the ongoing data evaluation, is in 

preparation. In brief, fractions of an X-ray pulse delivered by the XFEL 

were split off using a set of diamond gratings in the optical path. A second 

set of gratings redirected the split beams to the sample, where they 

arrived under an angle of up to 6 mrad and with a time delay in the range 

of 20–300 fs. The setup was designed in such a way that one set of split 

beams overlapped with the ‘direct’ primary pulse on the sample (pump-

and-probe area), while a second symmetric set of split beams was focused 

on an area approximately 70 μm away (reference area). The setup was 

adapted to diffraction geometry where the primary ‘pumping’ beam and 

the probing and reference beams were diffracted by the same Bragg plane 

within the protein crystal. The slightly different incident angles of the 

delayed pulses translate into slightly different positions on the detector 

(delayed peaks). Optimization of the sample-to-detector distance for the 

resolution of the delayed peaks led to limitation of the accessible q range 

(8–14.5 Å). As a consequence, only single Bragg peaks (with their 

accompanying delayed peaks) were observed from individual X-ray pulses. 

The samples were kept at room temperature and atmospheric pressure. 

Being sealed between two silicon nitride windows (Fig. 1.1c, Section 1.2.5) 

prevented them from dehydrating. The chip ‘sandwich’ was mounted on 

a fast XY stage, aligned, and moved stepwise through the XFEL beam 

(step size 1 mm) to irradiate the membrane array window by window 

(Section 1.3.1) at a rate of up to 1 Hz until the whole sample area had been 

covered (14 mm x 14 mm). Under these conditions, Bragg reflections and 

the time-delayed peaks were collected with sufficient spatial resolution 

and with very good contrast owing to the high X-ray transparency of the 

silicon nitride membranes (Fig. 1.7a). The reference experiments with 

blanked primary beams showed only the delayed peaks (Fig. 1.7b). The 

high quality of the registered signal showed that the protection provided 

by the ‘sandwich’ chip assembly was sufficient to prevent dehydration of 

the crystals before the measurement. 

Furthermore, the single crystals were large enough to be hit 

simultaneously by the two sets of beams separated by 70 μm. However, 

the samples dried out slowly during data collection, because the pulses of 

intense X-rays created holes in the silicon nitride membranes leading to 

slow evaporation from adjacent wells. Sealing each of the wells 

individually would help to overcome this problem. 
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Figure 1.7 Examples of diffraction data collected on a CSPAD pixelated detector [1.53] 

during time-resolved pump-probe experiments with the split-delay X-ray optics line on 

large lysozyme crystals. (a) The set of Bragg reflections stemming from the pump beam 

(central intense peak) and the decreased intensity delayed peaks. (b) The pumping beam 

has been blanked out, leading to sets of delayed peaks in both the probing (top) and the 

reference (bottom) region. The views shown here are limited to a small part of the 

detector, but they contain full signal registered during single shots (the detector was 

placed off-axis in the horizontal direction at an angle of approximately 13° form the direct 

beam and at a distance of 122 cm from the sample). Images are plotted on a log10 scale 

and pixels with the intensity (I) <1 counts were set to 0. A high contrast was obtained 

between the registered signal and the background owing to the high X-ray transmission 

of the used silicon nitride membranes. The membrane supporting the crystals and the 

membrane in the sandwich lid were 250 nm thick. 

 

Application of the other materials commonly used for in situ data 

collection at synchrotrons (like e.g. cyclic olefin copolymer or Kapton foil, 

see Fig. BS8 in the supporting information) would significantly increase 

the background, especially given their partially ordered structures, and 

would most likely indispose the observation of weak delayed peaks. 

Moreover, very thin plastic foils are water permeable and not suitable for 

long-term data collection. Also, the previously reported examples of fixed 

targets, i.e. vapour diffusion crystallization plates or microfluidic chips [as 

described by Feld et al. (2015) [1.54], Huang et al. (2015, 2016) [1.34-1.35], 

Axford et al. (2016) [1.36], Lyubimov et al. (2015) [1.37] and Murray et al. 
(2015)[1.33]] provide much higher background levels, mainly due to the 

applied thicknesses and/or (semi-)crystalline materials. Silicon nitride 

fabrication technology is unique in this respect in providing thin films in 

the sub-micrometre range, which gives an ultralow continuous 

(amorphous) background in X-ray diffraction, as shown in Fig. BS8 in the 

supporting information. 
 

 

1.4. Conclusions and outlook 
 

Protein crystals of the desired size could be efficiently grown with the 

required distribution density on silicon nitride membrane substrates, 
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protected from dehydration by the formation of a silicon nitride membrane 

chamber and analysed in situ by an XFEL beam. This opens many 

possibilities for the time-resolved investigation of phenomena occurring in 

the femtosecond regime. The silicon nitride membranes employed are 

highly X-ray transparent (composed of light chemical elements), ultrathin, 

self-supporting, stable and water impermeable, and allow the production 

of multiple copies of large protein crystals at defined places for serial 

measurement in quasi-random crystallographic orientations. In an ideal 

case, the chips would provide a 100% guarantee of hitting the crystalline 

sample during data collection at an XFEL, i.e. when the membrane 

windows are completely covered by single crystals grown with lateral 

dimensions matching the window size or with a high density of small 

crystals. The applied technology has the potential for the production of 

supports with about one order of magnitude higher density of the wells 

using thinner wafers and adapted designs. This makes them attractive for 

application at XFELs with repetition rates in the 100 Hz range, such as at 

the planned fixed-target instrument for protein crystallography at 

Experimental Station B of the SwissFEL. Using a few tens of chips of area 

1 cm x 1 cm should be sufficient for the collection of a full data set of an 

unknown protein. However, when addressing higher repetition rate 

sources an even higher sample density is required, which could for 

instance be achieved with elongated windows [1.20] in which a whole 

series of crystals are sequentially probed during a fast one-directional 

movement. Given the notable improvements that allow the more efficient 

collection of diffraction data from fixed targets at XFEL sources [1.54], the 

key to obtaining high-resolution protein structures now lies in the 

material quality and the sample preparation and handling procedures. 

When crystals are grown on the fixed-target support they can be delivered 

directly to the beam. In situ measurements avoid the mechanical stress 

incurred during handling and thus help to maintain the quality of the 

sample until data collection. Importantly, the method used to grow 

crystals on silicon nitride membranes significantly reduces the sample 

volume required. In particular, automatic handling of the liquid allows for 

nanoliter deposition and for crystallization conditions to be screened on 

the nanoliter scale. The principles and techniques presented here can be 

applied to a wide range of proteins and promise to extend the list of 

structures solved using XFELs. In the future, this crystallization 

procedure, which requires minimal volumes, could be adapted for 

nanocrystal growth as well as for deposition of crystal suspensions. In 

spite of the demonstrated success of the method described here, the use of 

polymers and other materials to make the chips easier to mass-produce 

and to reduce their cost needs to be investigated further [1.54]. The 

membranes should be composed of light elements so that they are 

essentially transparent to the X-ray beam, thin to reduce absorption and 

diffuse scattering, and less brittle than silicon nitride membranes. 
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1.5. Accession code 

 
The coordinates and structure factors of the room-temperature structure 

of lysozyme between silicon nitride membranes have been deposited in the 

PDB under accession code 5ne0. 
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Synopsis: Pump-multiprobe X-ray optics delay line has been applied for 

demonstration of the time-resolved, femtosecond scale diffraction data 

collection on large lysozyme crystals. 
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Abstract 

The development of X-ray free-electron lasers (XFELs) has opened the 

possibility to investigate the ultrafast dynamics of biomacromolecules 

using X-ray diffraction. Whereas an increasing number of structures 

solved by means of serial femtosecond crystallography at XFELs is 

available, the effect of radiation damage on protein crystals during 

ultrafast exposures has remained an open question. We used a split-and-

delay line based on diffractive X-ray optics at the Linac Coherent Light 

Source XFEL to investigate the time dependence of X-ray radiation 

damage to lysozyme crystals. For these tests, crystals were delivered to 

the X-ray beam using a fixed-target approach. The presented experiments 

provide probe signals at eight different delay times between 19 and 213 

femtoseconds after a single pump event, thereby covering the time-scales 

relevant for femtosecond serial crystallography. Even though significant 

impact on the crystals was observed at long time scales after exposure 

with a single X-ray pulse, the collected diffraction data did not show 

significant signal reduction that could be assigned to beam damage on the 

crystals in the sampled time window and resolution range. This 

observation is in agreement with estimations of the applied radiation 

dose, which in our experiment was clearly below the values expected to 

cause damage on the femtosecond time scale. The experiments presented 

here demonstrate the feasibility of time-resolved pump-multiprobe X-ray 

diffraction experiments on protein crystals. 

 

2.1. Introduction 

 2.1.1. Protein crystallography as one of the X-ray free-

electron lasers’ (XFELs’) applications 
 

Research on biomolecular systems is a rapidly developing application of X-

ray free-electron laser (XFEL) facilities [2.1]. These ultra-bright X-ray 

sources provide pulses on the femtosecond timescale with millijoule pulse 

energies, which allow pump-probe experiments to investigate fast dynamic 

processes in proteins [2.2-2.8]. In addition to providing feasibility of time-

resolved measurements on proteins, the ultrashort pulses of XFELs can 

overcome the radiation damage limitations encountered when using 

synchrotron radiation. In this case, the investigation of microcrystals is 

limited by the fact that radiation damage often prevents the collection of 

useful diffraction datasets when using very intense, tightly focused X-ray 

beams. Due to the femtosecond pulse lengths of XFELs, recording of high-

quality diffraction patterns from the probed crystals is possible before 

structural damage sets in. By sequentially collecting diffraction patterns 

from newly supplied crystals with identical structure and random 

orientation, it was demonstrated that it is possible to collect diffraction 

data suitable for solving the molecular structure of proteins [2.9]. More 

recently, there has been a growing interest of structural biology in serial 

protein crystallography at XFELs facilities, and the method has led to 

increasing numbers of solved structures [2.10-2.18].  
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 2.1.2. Radiation damage mechanisms in protein crystals 
 

Protein crystals consist mostly of only low-Z atoms and significant 

amounts of solvent (water) [2.19-2.20]. They usually have large unit cells. 

Destruction of these radiation sensitive samples [2.21] is based mostly on 

photoelectric absorption. Classification of the radiation damage within an 

irradiated protein crystal can be based on the location within the crystal 

in which it occurs in. Namely, they are considered global when large 

displacements of the protein molecules are observed and therefore there is 

an increase of the mosaicity, the unit cell constants change, and the loss of 

the resolution occurs. On the point/local scale, the most prominent damage 

processes include the cleavage of the disulphide bonds (S-S), 

decarboxylations of the amino acids or photo-reduction of redox systems. 

All these phenomena occur on their characteristic time scales [22-23]. 

The fastest time-scale of radiation damage processes gives the limit for 

serial femtosecond crystallography (SFX) and so-called “diffract-and-

destroy” data collection mode [2.24-2.25], where the sample is blasted by 

the X-ray laser pulse, but only after the scattering process has taken place 

which can be registered as diffraction pattern on the detector. Theoretical 

investigations have been performed in order to quantify the damage 

effects and to reveal the relevant mechanisms [2.26-2.28]. First 

simulations reported by Neutze et al. on protein lysozyme molecules 

approximate femtosecond X-ray induced Coulomb explosion to occur on 

sub-100 fs time scales [2.29]. 

 

2.1.3. Experimental approaches to radiation damage at 

XFELs 
 

Experimental approaches have focused on the effects of pulse duration and 

fluence in SFX and comparison to data obtained at synchrotrons [2.30-31]. 

Chapman et al. reported on SFX data on lysozyme crystals collected with 

200, 70 and 10 fs pulse lengths [2.32]. It was found that the Bragg-peak 

intensity drops by about one order of magnitude when comparing 200 fs to 

70 fs pulses or shorter. These findings indicate that only the photons 

arriving during the first tens of femtoseconds of an X-ray pulse interact 

with an intact crystal. Photons arriving later interact with a sample of 

decaying crystallinity, which contributes less and less to the diffraction 

peaks and merely adds to the diffuse background. This self-terminating 

diffraction mechanism [2.33] is predicted to greatly help in the collection 

of SFX data even with pulse length exceeding the time scales of structural 

damage. 
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Figure 2.1 Scheme of the X-ray optics set-up (adapted from ref. 2.34), showing the data 

collection in transmission geometry for protein crystal diffraction. The detector was 

placed off-axis at an angle of 13° at a 122 cm distance from the sample. a) Top view, 

b) perspective view, pumping beam on (spot size focused down to 40-50 μm), and 

c) perspective view, pumping beam blanked. The dashed lines (― ― ―) indicate diffracted 

beams from the crystals collected ideally on the single tile of the CSPAD. The inset shows 

only a part of the detector with the signal. The purple probing beams run through the 

region of the sample hit by the pump beam, while the green probing beams run through 

a region of the sample not overlapped with the X-ray pump (b).  
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So far, no direct measurements of the dynamics of femtosecond radiation 

damage in protein crystals have been demonstrated. There are two main 

obstacles that have impeded such experiments in a classical pump-probe 

manner. Firstly, it is very difficult to provide an intense X-ray pump beam 

and an X-ray probe beam onto the same sample location but with 

a defined delay on the femtosecond scale. Secondly, the repetitive data 

collection at varying delays would require delivering fresh, undamaged 

crystals for every shot, under precisely the same Bragg angles. 

Application of the pump/multi-probe setup, as reported here, can directly 

access femtosecond events in crystalline protein samples using X-ray 

diffraction. Our new approach to investigate the ultrafast X-ray damage 

processes in protein crystals covers, in this case, a time-scale from tens to 

up to a few hundred of femtoseconds and presents a proof of concept 

experiment. The investigated time window is of particular importance to 

explore the effects of beam damage in protein crystals probed with XFEL 

radiation with ultrashort pulses. For this purpose, the split-and-delay 

setup [2.34] was adapted for measurements in transmission (Laue) 

geometry [Fig 2.1]. Experiments performed with this setup allow for 

studying the effect of X-ray interaction with biological matter by 

observation of the measured diffracted signal collected on an integrating 

pixel array detector. The delayed peaks accompanying the main Bragg 

reflections from the probed protein crystal reveal the evolution of the 

Bragg-reflected intensity in time.  
 

2.2. Experimental and computational methods 

 2.2.1. Experimental setup and diffraction geometry 
 

For the experiments presented here, the set-up follows the design of an X-

ray optical delay line as described by David et al. [2.34] [Fig. 2.1]. This 

provides the possibility to measure multiple discrete delayed probes with 

the same X-ray pumping beam using geometrically defined, jitter-free 

timing. A set of beryllium lenses was used for focusing/defocusing the 

direct beam to approximately 40-50 μm (ø) spot size on the crystals, and 

a set of delayed beams was generated from the main beam by a split-and-

delay type of setup. It consists of an arrangement of X-ray diffraction 

gratings (“G1 gratings”) that splits a multi-keV X-ray pulse into an 

intense pump pulse and a fan of delayed probe beams, which are 

redirected by a second set of gratings (“G2 gratings”) to intersect at the 

target position, where the sample is placed. Due to the longer paths the 

probe pulses arrive with precisely defined time delays at slightly different 

incident angles. Moreover, a second symmetrically arranged set of delayed 

reference beams arrives at the sample with a spatial offset of 70 μm with 

respect to the pump beam and irradiates a part of unpumped sample area 

to serve as reference to the measurement. The obtained delay times (cf. 
Table 2.1.) corresponded directly to the grating pitches and distances. The 

4th time delay of 77.7 fs was obtained by using the 2nd diffraction order of 

the 1st grating.  
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After being diffracted from the same crystal plane, the pump, probe and 

reference beams reach the detector at slightly different positions [Fig. 2.3]. 

This allows for registering the time-resolved diffraction signal without the 

need of an ultra-fast detector. Thus, the femtosecond dynamics of the 

excited sample can be detected for a single X-ray pump pulse as a streak of 

delayed peaks around the main Bragg peak originating from the beams of 

the intensity approximately 106 times fainter than the pump beam. 

 
Table 2.1. Length of individual time delays. 
No. # 1 2 3 4 5 6 7 8 9 10 11 

Delay time 

[fs] 

 

19.4 

 

34.0 

 

53.8 

 

77.7 

 

106.3 

 

138.1 

 

173.0 

 

212.2 

 

256.5 

 

307.0 

 

357.3 

 

The experiments were performed at the X-ray coherent scattering (XCS) 

end-station of the Linac Coherent Light Source (LCLS) XFEL source, 

operated at a nominal photon energy of 5 keV with a spectral bandwidth of 

the single shot of about 10-15 eV FWHM [2.35-2.36] and a nominal pulse 

duration of about 45 fs, meaning that the first probes are arriving at the 

pumped area while pumping still occurs. 

Technical modifications as described below were made to the original 

design [2.34] to provide a better match towards the investigations of 

protein crystals during the first few hundred femtoseconds after 

excitation. The setup was reduced in length by almost a factor of two, i.e. 
to approximately 6.6 m from the G1 gratings to the sample position. The 

new design was used at slightly increased photon energy of 5 keV and 

produced 11 delayed beams covering a time window of up to 357 fs with 

denser sampling instead of the previous 15 beams reaching up to 1200 fs 

delay.  

As typical for protein crystallography experiments, the measurements 

were performed in transmission (Laue) geometry. The G1 diamond beam-

splitting gratings were equally spaced by 16 mm along the beam axis, each 

mounted on a rotational stage for an alignment performed around the 

beam axis with assistance of beam spots visualization on the scintillator 

screen.  

To increase the efficiency of the narrowest pitch gratings (8th, 9th and 10th) 

they were filled with iridium [2.37]. The G2 gratings set, which 

recombines the split beams and brings them to the sample at the incident 

angles with up to 5.7 mrad differences, was slightly asymmetric. This 

resulted in the lateral shift on the sample of the probe and reference parts 

of the split beam of approximately 70 µm. This set-up is also described in 

more detail by Makita et al. [2.38] showing its application for studying 

dynamics on bismuth single crystals in reflection (Bragg) geometry. These 

experiments also confirmed the spatial overlap of the pump and probe 

beams originating from the used X-ray optics setup. 

The diffracted patterns from protein crystals were recorded at room 

temperature on a Cornell-SLAC Pixel Array Detector (CSPAD) 2.3 M, 

a pixelated detector (pixel size: 110 μm x 110 μm) with an overall size of 

about 20 cm x 20 cm [2.39-2.40]. It was placed off-axis in the horizontal 

direction at an angle of approximately 13° from the direct beam and at 
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a distance of 122 cm from the X-ray/sample interaction region, as 

schematically shown in Fig. 2.1. A shorter detector distance would not 

have given enough angular resolution to resolve the delayed beams and 

would have concentrated too much scattered intensity on too few pixels, 

potentially causing damage to the detector. On the other hand, placing the 

detector too far from the sample would have reduced the probability of 

capturing relevant reflections. The detector position was calibrated using 

silver behenate (AgC22H43O2), a crystalline powder with 58.380 Å d-

spacing [2.41], sandwiched between two pieces of adhesive Kapton tape. 

The resulting equally spaced arcs of powder diffraction pattern confirmed 

that the geometry was chosen in a way to cover a part of the solid angle 

corresponding to the d-values ranging from 8 Å to 15 Å (corresponding to 

a q-range between 0.4 Å-1 and 0.7 Å-1) [Fig. CS1]. This covers the 

reciprocal space where lysozyme crystals yield the most intense Bragg 

reflections. 

 

 2.2.2. Crystalline protein sample delivery 

 
For diffraction data collection, protein crystals of chicken egg-white 

lysozyme with sizes between 50 and 400 μm were prepared by three 

different procedures. Two of them used in situ growth of the crystals. 

Crystallization was carried out on arrays of ultrathin silicon nitride 

membranes in microfabricated silicon chips from manually deposited 

solutions. For taking measurements, the samples were hermetically sealed 

with a second chip with silicon nitride windows as described previously in 

detail [2.42]. Protein origin of the grown crystals has been confirmed with 

UV test after XFEL exposure [cf. Fig CS9]. Alternatively, drops of protein 

solution were automatically dispensed using a Mosquito® crystallization 

robot on 25 µm thick cyclic olefin copolymer (COC) bottom of standard-

dimension 96-position microtiter well plates [2.43]. The procedure was 

applied as follows: lysozyme protein from chicken egg-white (Sigma-

Aldrich L6876-10G) at a concentration of 50 mg/ml (in 50 mM sodium 

acetate, pH 4.5) was crystallized by vapor diffusion against the precipitant 

solution (2M NaCl, 5% poly(ethylene) glycol monomethyl ether 5000, 

50 mM sodium acetate pH 4.5, 25% ethylene glycol). A 200 nl drop of 

lysozyme was dispensed at the bottom of each CrystalDirectTM Plate well 

(MiTeGen LLC) [2.44] together with a 200 nl drop of the precipitant. The 

crystallization mixture was equilibrated against 500 µl of precipitant. The 

plate was efficiently sealed using a ClearVue Sheet (Molecular 

Dimensions) and incubated for one day at room temperature. The sealing 

cover was replaced immediately before the XFEL measurement by a less 

watertight but X-ray transparent 25 µm-thick Kapton® foil (Kapton type 

HN, DuPontTM, USA), attached with 141 µm-thick 96-well adhesive 

gaskets from Saunders®. This approach provided a perfect environment for 

each crystal to grow to the desired dimensions, until precisely located and 

probed. A third type of sample was also prepared with the use of the 

silicon nitride membrane chips. The difference is that the crystals were 

initially grown in a crystallization plate then fished and transferred by 
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hand between two silicon nitride membranes. Successful data collection is 

feasible from each kind of tested samples. However, the silicon/silicon 

nitride chip approach provided the most suitable environment for efficient 

serial data collection, due to the much lower background level [Fig. CS2] 

originating from crystal packaging. This is due to the very thin 

membranes and limited amount of mother liquor around the crystals, as 

well as the regular placing of crystals on a small area. 

 

 2.2.3. Pump-multiprobe femtosecond data collection 

 
Two different types of data sets were recorded, one with the main direct 

beam at its highest intensity (full XFEL beam) running through the 

sample (pump) [Fig. 2.1a] and the other with the pump beam blanked out 

[Fig. 2.1b, cf. Figs. 2.3a and 2.3d] to serve as an unpumped reference. 

A total number of 10905 shots were collected during the 12 h of an LCLS 

beamtime shift. The collected images of the exposures were visually 

inspected and individually selected. This resulted in a set of 289 shots 

with visible diffraction signals originating from protein crystals supported 

by the silicon nitride substrates. Figure 2.2a shows the full set of these 

shots, which have been used after initial filtering for further analysis. In 

Figure 2.2b a zoomed view is presented, showing a selection of reflections 

close to the detector center including some of the characteristic delayed 

peaks.  

Since no rotation of the crystal was possible during the exposure to the X-

ray pulses (crystal damaged after each shot) and due to the limited solid 

angle covered by the detector, the resulting diffraction patterns contain 

only a single or at maximum two Bragg peaks. Partial signals, meaning 

that only probe or reference sides were visible next to the Bragg peak, 

frequently occurred. This is due to the fact that only one series of the 

delayed beams reached the crystalline sample. The reason for this was 

either that the size of the protein crystal was smaller than the distance 

between the probe and the reference area spots (70 μm) or that the 

location of the crystal on the chip was such that part of the beams missed 

the crystal. 
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Figure 2.2 Summed signal of the 289 shots selected for analysis after initial filtering. The 

diffraction signals originate from the lysozyme crystals grown/deposited on silicon nitride 

windows. The intensity scale of the images is log10(I), a) Full view of the CSPAD and b) 

zoomed view of the marked region. 

 

The images with visible patterns were graded A, B or C depending on the 

quality of the signal intensity and then selected for further processing 

[Fig. CS3]. Individual images with well-visible and separated delayed 

peaks signals (Grade A shots) of the delays on the probe-side, the 

reference-side, or on both sides together (“complete” shots [Fig. CS4a]) 

were further analyzed. They created the following four data sets: probe 

pumped 60, probe unpumped 29, reference pumped 37, and reference 

unpumped 33 exposures. 

 

 2.2.4. Procedure for calculating line profiles of diffraction 

intensities  
 

Following the visual inspection and manual determination of the positions 

of the collected signals, further processing was performed on this limited 

dataset. Signal profiles were extracted by means of MatLab scripts 

[Fig. 2.3c-f]. The applied algorithms are able to identify the position of the 

signal on the basis of manually given input coordinates on the center of 

the 6th (the most intense out of registered) delay peak. From this, they 

determine the integrated intensities of the delayed peaks [Fig. 2.3]. Data 

treatment involved: (i) correction of the angle originating from the position 

on the detector by rotation, (ii) obtaining line profiles of the signal by 

summing up the selected region of interest over the width of the signal 

[Fig. 2.3], and (iii) subtraction of the background for each peak separately. 

 

 

 

 

 

 



 29 

2.3. Results and Discussion 

 2.3.1. Estimation of the dose on the exposed crystals 
 

The relatively large area of the pump beam (40-50 μm, v.s. Section 2.2.1.) 

was kept to ensure lateral overlap of both the pump and the probe beams 

on the crystal. Focusing to a smaller spot size would have increased the 

local dose at the risk of incomplete beam overlap. 

XFEL pulses of approximately 45 fs, at an average of 3.2 mJ energy, at 

a wavelength of 2.48 Å (5 keV) were used for the pump-probe experiments 

on protein crystals grown on the solid supports. However, a substantial 

part of the initial energy of the XFEL pulses was lost on the way to the 

sample, mainly because of the absorption by the optical elements in the X-

ray path. About half of the initial intensity was lost by absorption and 

diffraction by the diamond membranes of the G1 gratings (each 10 μm 

thick) and a similar fraction was absorbed by the beryllium focusing 

lenses. Additional photon intensity losses occurred in the 125 μm thick 

diamond exit window and in the helium-filled flight tubes, which are 

placed between the G1 gratings and the sample as well as between sample 

and detector. The out-of-vacuum beam path further contributed to the 

reduced level of delivered dose. The final X-ray energy arriving at the 

sample was measured to be approximately 100 μJ. For this purpose, 

a calorimeter has been placed at the sample position with all the optics in 

the X-ray path (including compound refractive lenses, G1 gratings, direct 

beam focusing lens, no aluminum filters inserted).  

Taking into account the approximated 5 keV photon energy X-ray 

transmission through lysozyme crystals with about 45%-98% (for 

thicknesses of the crystals between 5-200 μm), the density of the crystals 

(≈1.2 g/cm3) and the incoming pulse energy of 100 μJ, result in an 

estimated dose in the spot area of about 0.1-0.2 MGy. 

 

 2.3.2. Diffraction data collection 
 

During the initial alignment runs and final tuning of the experimental 

set-up, large crystallization plates backed with kapton foil with grown 

lysozyme crystals (cf. Section 2.2.2.) were probed in “by hand” mode, 

aligning each crystal individually. This method of collecting diffraction 

images resulted in a high hit rate but was very time-consuming. 

Subsequently, the silicon nitride membrane arrays with large lysozyme 

microcrystals (50-200 µm) were scanned through the XFEL beam and 

were exposed window by window in an automatic fast scanning manner 

with a repetition rate of 1 Hz. Due to the quasi-random position, the 

crystallographic orientation of the crystals in the windows, and placing of 

shots in a regular pattern the hit rate was lower. 
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a)                                        log10(I)  b)                                      log10(I) 

  

c)            log10(I)  d)          log10(I)  

    
e)            log10(I)  f)           log10(I)  

   

 

 

 
Figure 2.3 Examples of registered diffraction signals of (a) a pumped shot (Run 275 – 

Shot 136) and (b) an unpumped shot (Run 277 – Shot 326). c) - f) Regions of interest 

selected for intensity integration after resizing (images in logarithmic scale log10(I), 

resizing factor: 4, original size: 30 px x 40 px) and delayed peaks’ intensity profiles (linear 

scale representing values of counts registered on the detector after integration in 

x direction) of measured intensity distribution for all visible delays in a shot. c) and d) 

Probe and e) and f) reference part of the signal of a) and b) respectively.  
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However, the overall yield of diffraction patterns was much higher 

compared to manual strategy described above due to the significantly 

increased repetition rate. Even though the sealed sandwiches with 

regularly placed samples were open to the ambient environment after the 

first shot, it appears that the dehydration caused by vapor exchange with 

the normal atmosphere was slow enough that it did not affect the quality 

of the subsequent shots. Ultimately, diffraction data could be collected 

from a whole chip (196 wells/windows). During the data collection, all the 

samples were kept at ambient conditions (RT, normal pressure). Two sets 

of experiments were run, one with the pump and one without (i.e. delayed 

peaks only), with the latter being used to evaluate the relative intensity of 

the delayed peaks and also possibly for calibration purposes. 

Due to the small solid angle in the chosen detector geometry, only one or 

two Bragg peaks could be recorded from a single X-ray pulse. Therefore, 

the determination of the approximate d-values corresponding to the 

lysozyme Bragg peaks was possible, but no indexing. The main Bragg 

peak of the registered signal was in most cases either saturating the 

detector [Fig. CS4a], or not present in the unpumped shots [Fig. CS4b]. 

This saturation, visible in the set of the pumped shots resulted in a locally 

increased background (flare) around the main Bragg peak. The spatial 

separation of the delayed peaks on the CSPAD detector proved to be 

sufficient for the quantification of the intensity of the delayed peaks. The 

delayed peaks were visible up to the 10th delay (307.0 fs), but the lower 

intensity delays (9th, 10th and 11th) were often lost in the noise and did not 

provide usable data.  

Unfortunately, only rarely were both probe and reference sides of the 

diffraction signal been registered from the same crystal [Fig. CS4]. These 

few acquired complete data frames confirm the possibility to collect 

simultaneous pump and reference information with our method. Since the 

statistical relevance of this sparse dataset is questionable, we pursued the 

alternative approach for data processing that considers delayed peaks 

from the probe and reference side separately. In future experiments, the 

yield of the registered diffraction peaks could be increased by using larger 

crystals in width and length (but not in thickness), and by applying 

a better (automated) alignment procedure as well as prelocation methods. 

Additionally, some shots had to be excluded from further analysis, as they 

partially fell on the inactive gaps between the detector tiles. High signal 

rotation and loss of part of the delayed peaks occurred when the signal 

was diffracted under high angle away from the main X-ray propagation 

axis resulting in landing at a largely off-centered position on the detector. 

In such cases, delayed peaks are prone to falling off of the rocking curve, 

meaning they do not fully fulfil Bragg’s law [Fig S5]. However, in 

favorable conditions (intense Bragg peak, thick region of the crystal) it 

was also possible to reach intensity values close to the detector saturation 

level with the delayed peaks and clearly observe the weakest or the 

longest delay (4th, 9th, 10th) peaks [Fig. CS6].  
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2.3.3. Data analysis 
 

During the manual pre-selection and grading process [cf. Fig. CS3], 

a limited set of data packages [cf. Section 2.2.3., Fig. CS7] were chosen for 

further evaluation. They consist of the following numbers of A-graded 

shots: 60 for probe pumped, 29 probe no pumped, 37 reference pumped 

and 33 reference no pumped shots [Fig. CS7]. Following the manual 

localization of the delayed peaks at the detector readout images, further 

processing was performed using automated Matlab scripts on these 

relevant shots. Signals were corrected for small rotations and integrated 

on the horizontal axis [Fig. 2.3b-c,e and f]. Peak positions were 

automatically refined and their total intensity integrated after 

background subtraction. As no information was available about the 

absolute Bragg-peak intensity, the intensities of the delayed peaks were 

normalized by their total intensity (sum of the first 8 delays) as an 

internal reference.  

Moreover, due to the different diffraction efficiencies of each grating, there 

is a large fluctuation between the characteristic relative intensity [Fig. 

CS7, S8] of the different delay peaks. Factors include: limited amount of 

available data, differences in protein arrangement, and fluctuations in the 

X-ray pulse spectrum contribute to the high level of signal scattering 

within a single time data-point [Fig. CS8].  

The relative intensities of the shots in each dataset were subsequently 

reduced into an average (single) value per delay [Fig CS8]. Error bars for 

each time step were determined separately and represent +/- 1 standard 

deviation from the calculated average. The averaged values of the relative 

intensities are different for each time point, due to the different diffraction 

efficiencies of the used gratings. The strongest signals are found for the 6th 

and 7th delay representing delay times of 138.1 and 173 fs. The weakest 

signals were registered in the 4th delay (77.7 fs), because the second order 

diffraction of a G1 grating was used. It also showed for the longest (e.g. 
8th) delays, as the fabrication of the gratings with the feature spacing, 

which was close to the technical limits resulted in low diffraction 

efficiencies. Delays number 9 and 10 were only rarely visible, and the 11th 

delay was never detected. These relative intensities follow similar trends 

in the pumped and unpumped sets for both the probe [Fig. CS8a] and the 

reference [Fig. CS8b] sides and their ratio show no clear changes beyond 

statistical noise. Attempts to divide the experimental intensity values of 

the “pumped” scenario by the average of “unpumped” (plots not shown) 

give graphs of approximately constant functions at the level of 1, with 

relatively large errors for all the data points.  
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a) 

 

b) 

 
 

Figure 2.4 The average intensity based on measurements on protein crystals for 

individual 8 time points (19.4; 34; 53.8; 77.7; 106.3; 138.1; 173; 212.2 fs). It has been 

calibrated with factors obtained from unpumped reference measurements on silicon 

single crystals. Data shown separately for the parts of the registered signal are: a) Probe-

side pumped/no pump, b) reference-side pumped/no pump sets. Experimental data is 

marked by a geometric figure; thin, dotted lines connecting experimental time points are 

a visual guide and facilitates comparison of the curves. Error bars show +/- 1 standard 

deviation of the individual shots from the average truncated to 80% of all the population 

of the data (sigma value 1.282 applied for shot or single peak intensity value deviating 

from average).  
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Specifically, significant errors were observed for the weak signals (4th and 

8th delay), as the applied data treatment strategy attaches more 

importance to the intense values. 

The obtained results indicate no change in signal that could be assigned to 

the impact of the pump beam within the studied time window. This can be 

seen on the intensity plots based on protein crystal diffraction data [Fig. 

2.4] which were calibrated with factors based on unpumped reference 

measurements on silicon single crystal [cf. Supplementary Table CS1] 

collected with the same X-ray optics set-up [Fig. 2.1], but in reflection 

geometry. Details about these Si-based results will be published 

elsewhere. Thus, the data analysis gives no evidence of damage occurring 

within the studied time window at the applied dose of 0.1-0.2 MGy (cf. 
Section 2.3.1.).  

By applying the data treatment described above, we see no apparent 

change between the values of the relative calibrated intensities of the 

delayed peaks for the pumped shots as compared to the corresponding 

data for the unpumped shots [Fig. 2.4]. Damage of the protein crystal 

structure on the femtosecond time scale would manifest itself as decaying 

Bragg reflectivity over time. Chapman et al. described this effect 

previously [2.32], where a strong reduction of the signal intensity was 

recorded in the resolution-range (15 to 8 Å), corresponding to the same 

resolution observed here. The fact that there is no clear decay of the 

registered signal in our experiment indicates that the dose deposited by 

the pump beam is too low to cause substantial damage on the probed 

femtosecond time scale. 

However, microscopic inspection of the shot crystals shows evident 

changes resulting from evaporation of the probed volume of the crystals. 

The damage in the center of the probed areas is well visible, while the rest 

of the crystal appears intact. In case of crystals grown on the silicon chips, 

the silicon nitride was often cracked or broken due to the impact of the 

pump beam [Fig. 2.5]. 

For further optimization of the method for probing protein crystals, the 

following modifications would be beneficial i) using prelocation of the 

crystals before exposures can be used for maximizing hit rate; ii) running 

the diffracted beam in vacuum would reduce scattering; iii) selection of 

a bigger detector (for higher surface area) would result in covering more of 

the scattering solid angle, enabling the collection of more than a single 

Bragg peak per exposure; and iv) additionally, a second detector placed 

closer to the sample and therefore covering a larger solid angle would 

enable collection of a sufficient number of diffraction spots to allow their 

indexing on the back detector.  
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a)  

 

b) 

 
Figure 2.5 a) Lysozyme crystal grown on a kapton foil in a plate mounted in the sample 

position as seen in the mother liquor drop by a video camera: i) Before exposure to the X-

ray beam, ii) after first shot (indicated by the arrow), and iii) after a second shot on the 

same crystal. b) Lysozyme crystal grown on the silicon nitride membrane of Chip no. 30, 

membrane size: 200 μm x 200 μm; cracked after a shot by 5keV XFEL photons. 

 

 

2.4. Conclusions 
 

This study demonstrates the feasibility of diffraction data collection on 

protein crystals by utilizing an X-ray diffraction grating-based multiple 

beam split-and-delay line. The applied streaking method can be used to 

perform time-resolved studies on crystals of macromolecules aiming at 

a better understanding of the damage processes at femtosecond time 

scales.  

The significant advantages of this approach over conventional pump-probe 

experiments include: (i) no temporal jitter between the pump and the 

probe pulse, thus the possibility to measure several precisely known 

delays for each individual pump event [34]. Moreover, (ii) the ability to 

control focus/defocus of the pump and probe beams separately allows for 
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an independent adjustment of the pump intensity, and for an optimization 

of pump and probe spatial overlap. This is not found in any other X-ray 

probe and X-ray pump methods [2.45-2.48]. The former point is important 

in the context of protein crystallography, as a conventional pump-probe 

approach following the response for a single delay only would require 

renewing the sample for each pump event. Repeating the diffraction 

experiment for different delays on protein crystals is difficult, as one needs 

to hit the sample at exactly the same crystal orientation.  

The selected sample delivery system based on fixed targets proved to be 

suitable in providing sufficient amounts of crystalline material at pre-

defined positions for serial, automated exposures. Microfabricated silicon 

nitride membrane chips containing sandwiched crystals were also 

providing protection of the sample from dehydration. Background 

scattering from the packaging of protein was much less in the case of the 

silicon nitride (total thickness: 0.5 μm) in comparison to the thick 

polyimide (Kapton) foils [cf. Fig. CS8, Ref 2.42]. Application of the helium-

filled flight tubes further reduced air scattering in the setup. 

We were able to record Bragg reflections from lysozyme crystals in the 

8 to 15 Å resolution range that featured clear streaks of delayed 

reflections. The probed time window here covered 19-213 fs in 

8 measurement time points after the initial excitation provided by the 

main pump beam. Further probe beams with longer delays (9th, 10th, 11th 

channel) exist; however, they gave too weak intensities to be taken into 

account for data analysis. The collected diffraction data give no proof of 

any radiation damage on this time scale, which is the most relevant time 

scale for serial femtosecond crystallography. If there were damaging 

effects of FEL X-rays on protein crystals within the probed time range, 

they must have been smaller than the error bars of our measurements. 

These findings are consistent with the approximate values of radiation 

doses deposited on the crystals in our experiment of 0.1-0.2 MGy 

(cf. Section 2.3.1.), which are at least one order of magnitude below the 

dose required for femtosecond damage and also at least three orders of 

magnitude lower than in the studies described by Chapman et al., [2.32]. 

Doses applied in our experiment are also relatively low in comparison to 

doses reported to cause damage in synchrotron measurements that 

showed no apparent change of the Bragg peak intensity below 1 MGy 

[2.49]. 

The following improvements can be made for the future attempts of 

similar experiments, especially addressing the issue of increasing the 

deposited radiation doses on the probed crystals: (i) Increase of the pulse 

energy by application of a brighter X-ray source; (ii) Increase the 

transmission of the setup, which was limited to ~10% in our experiment, 

e.g., by reducing absorption losses in the diamond exit window of the 

beamline, or the support membranes of the G1 gratings; (iii) focusing the 

photon beam to a smaller spot. Reducing the illuminated area from the 

50 μm in diameter as in our experiment to, e.g., 1.5 μm would increase the 

dose by more than 3 orders of magnitude. Such spot sizes are routinely 

achieved at XFELs; however, this would put more stringent requirements 
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on alignment to assure sufficient spatial overlap of pump and probe 

beams. 

The presented study is a proof of concept of the single-shot collection of 

diffraction data from protein crystals probed with several delays after 

excitation by an XFEL laser pulse. This method, once further optimized, 

can be applied for studying ultrafast dynamics in proteins.  

 

Supplementary material 
See supplementary material for additional figures: Appendix C. 
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Abstract 
Detection of heavy elements, such as metals, in macromolecular 

crystallography (MX) samples by X-ray fluorescence is a function 

traditionally covered at synchrotron MX beamlines by silicon drift 

detectors, which cannot be used at X-ray free-electron lasers because of 

the very short duration of the X-ray pulses. Here it is shown that the 

hybrid pixel charge-integrating detector JUNGFRAU can fulfill this 

function when operating in a low-flux regime. The feasibility of precise 

position determination of micrometre-sized metal marks is also 

demonstrated, to be used as fiducials for offline prelocation in serial 

crystallography experiments, based on the specific fluorescence signal 

measured with JUNGFRAU, both at the synchrotron and at SwissFEL. 

Finally, the measurement of elemental absorption edges at a synchrotron 

beamline using JUNGFRAU is also demonstrated. 

 

3.1. Introduction 

 
X-ray free-electron lasers (XFELs) are highly brilliant X-ray sources that 

deliver X-ray pulses with a duration of femtoseconds. These ultra-short 

pulses are attractive for macromolecular structure determination by 

crystallography because they allow the study of small crystals down to 

submicrometre sizes and give access to radiation-damage-free structures 

by the ‘diffract-before-destroy’ approach [3.1-3.3]. Because of the high peak 

intensity of the pulses, the sample is locally destroyed and data collection 

must be performed in a serial manner while replacing the sample between 

pulses [3.4]. The XFEL beam time and protein samples are both extremely 

valuable, which means that both the hit rate (i.e. the proportion of useful 

images) and the sample consumption must be optimized. In fixed-target 

approaches, it is possible to reach high hit rates, either by prepositioning 

the crystals at specific positions [3.5-3.8] or by prelocating the crystals on 

their support and addressing them at their positions with the beam in 

a precise manner [3.9]. 

In the crystal prelocation approach, the crystal positions are identified 

prior to diffraction data collection. Possible prelocation methods include X-

ray based methods such as diffraction-based rastering [3.10] or X-ray 

imaging [3.10-3.11], and optical imaging methods such as UV–visible 

fluorescence [3.12], cross-polarization or second harmonic generation 

imaging [3.13]. The prelocation step can be performed online, meaning 

that the crystals are prelocated immediately before data collection without 

unmounting the sample from the goniometer or scanning stage used for 

data collection. This requires integration of the prelocation and diffraction 

data-collection setup. The prelocation step can alternatively be performed 

offline with a separate instrument, in which case the prelocated crystal 

coordinates must refer to fiducials on the sample support [3.5]. The 

fiducials are then identified when the sample is mounted on the diffraction 

setup and data collection can take place based on the calculated crystal 

coordinates. The precise positioning of fiducials is therefore a key step on 
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which the accuracy of the subsequent data-collection process relies. 

Positioning inaccuracies larger than the beam size would result in missing 

the crystals while locally damaging the sample with the XFEL beam. 

Positioning of fiducials, or more generally coordinate retrieval, at the 

beamline has been achieved by visual identification on the online viewing 

system [3.14], either letting the user manually select them on the 

graphical user interface or using automatic pattern recognition schemes 

on the chip [3.15]. However, in some samples the fiducials may be hardly 

visible. Manually indicating their position on the user interface, e.g. by 

mouse clicking, may be too imprecise or time-consuming and is not 

amenable to automation. We propose to employ metal fiducials placed on 

the chips to serve as coordinate references and use their fluorescence 

signal as a fiducial detection method at the beamline. The advantages of 

this approach are that the energy-specific fluorescence signal cannot be 

hidden by the protein sample and support, i.e. the marks can be detected 

even if they are not visible, and the precision of the position determination 

relies solely on the hardware precision. This method is also easily 

amenable to automation. A prerequisite is that the metal fiducials also 

appear in the prelocation step used to find the crystal positions offline so 

that coordinate matching can be performed. This is the case in particular 

in X-ray imaging methods, as we will separately show (manuscript in 

preparation). 

The silicon drift detectors (SDDs) commonly used at synchrotron 

beamlines cannot serve at XFELs since they count single photons only at 

microsecond rates [3.16]. Spectral recording at XFELs is currently often 

carried out using specialized setups such as bent crystal spectrometers, 

e.g. in von Hamos geometry [3.17-3.18], or reflective zone plates [3.18]. 

The angular footprint of such spectrometers is not negligible so their 

integration in the measurement setup must be carefully planned and 

compromises must be found for collecting diffraction data simultaneously 

[3.17-3.18]. The spectral resolution and performance offered by these 

instruments is higher than that required for certain applications such as 

simple detection of a known metal’s presence by fluorescence. However, 

bent crystal spectrometers certainly remain indispensable for other 

advanced macromolecular crystallography (MX)-related experiments 

requiring the detection of subtle signal modulations, for instance for the 

detection of oxidation states in protein-bound ions and functional clusters 

[3.18]. Energy-discriminating measurements have also been demonstrated 

at XFELs using pnCCDs [3.19-3.20]. 

The low noise and high sensitivity of modern hybrid pixel X-ray detectors 

make them good candidates for metal-detection applications. Hybrid pixel 

X-ray detectors are composed of a sensor, usually made of silicon for the 

conventional energy range for MX applications, directly bump-bonded to 

an application-specific integrated circuit (ASIC). Detectors with two 

classes of ASICs are available: photon counting and charge integrating. 

Photon-counting detectors increase a digital counter by one when the 

signal exceeds a defined threshold because of a photon hit. In the case of 

photon counters with a single threshold like PILATUS and EIGER [3.21], 



 41 

the pixel output corresponds to the number of events where the photon 

energy was higher than the defined threshold. This allows the suppression 

of dark and read-out noise and of lower-energy fluorescence by placing the 

threshold between the fluorescence energy and the incoming beam energy, 

though it does not allow for detecting only lower-energy fluorescence 

photons while ignoring higher-energy photons at the incoming beam 

energy. However, such a filtering of photons by energy could be achieved 

with photon counters having more than one threshold (color mode), e.g. 
Medipix3 [3.22] and EIGER2 [3.23-3.24]. But the photon-counting 

technology would remain inadequate for XFEL applications because of the 

pulse brilliance, because after counting a photon the electronic signal 

needs to decay below the threshold value before another photon can be 

detected, resulting in a ‘dead time’ and photon pile-up limitations. This is 

extremely severe for XFEL pulses, where the photon-counter dead time is 

orders of magnitude longer than the duration of a single pulse. In charge-

integrating detectors such as JUNGFRAU, the total charge generated by 

the photons is collected during the integration time in each pixel and read 

out for each acquisition. This makes charge-integrating detectors optimal 

for XFEL applications, as the incoming photon number can be determined 

even if photons arrive within a short pulse. The pixel output is directly 

proportional to the energy of the incoming photons. If the flux is low 

enough that most pixels record single photons, individual photon energies 

can be readily measured. Alternatively, the number of photons can be 

determined as the total charge divided by the charge generated by a single 

photon. 

Here we demonstrate practically that the JUNGFRAU hybrid pixel 

charge-integrating detectors that are installed at SwissFEL, among other 

facilities, are suitable for the detection of energy-dispersive fluorescence 

signals for two major fluorescence- based MX applications. We make use of 

the charge-integration technology in a regime of very low photon flux, and 

therefore very low dose, to determine the energy of single incoming 

photons on single pixels and combine the full detector area information 

into a fluorescence spectrum from scanning maps. We also show here that 

JUNGFRAU is suitable for recording fluorescence absorption-edge scans 

on standard samples, suggesting that it could fulfill the function 

traditionally devoted to SDDs at MX synchrotron beamlines. The 

application of JUNGFRAU for synchrotron crystallography data collection 

has been developed recently [3.25].  

 

 

3.2. Materials and Methods 
 

For concision, experimental details about the preparation of samples, 

data processing and absorption-edge scans are given in the supporting 

information. Fig. DS13 in the supporting information is a schematic with 

the distances of the experimental setup. 
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Figure 3.1 (a) Schematic of the geometry of the experiment and how spectra are obtained. 

(b) Photograph of JUNGFRAU 1M installed at the X06SA PXI beamline, with external 

cooling and nitrogen environment. (c) Photograph of JUNGFRAU 16M in operation at 

SwissFEL Bernina with the SwissMX instrument. The red arrows show the direction of 

the X-ray beams and the yellow arrows show the sample positions.  

 

 3.2.1. Synchrotron data collection of fluorescence maps 
 

The JUNGFRAU 1 megapixel (1M) detector was installed at the 

X06SA PXI beamline at Swiss Light Source (SLS), Villigen, Switzerland 

[Fig. 3.1(b)]. It consists of two 0.5 megapixel modules stacked vertically, 

with a horizontal gap of 2.7 mm and total dimensions of 77 mm x 80 mm. 
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The sensitive surface is protected by a 20 μm aluminized mylar film. 

External cooling was applied to reduce the noise level in long integration 

times, set at a temperature of minus 12°C. A protective plastic film filled 

with nitrogen gas was wrapped around the detector to prevent 

condensation. The detector was placed on a stack of xyz stages, with the z 

stage (beam direction) motorized. The silicon sensor thickness was 

320 μm. Pedestals were recorded for all datasets with the X-ray shutter 

closed and detector calibration was performed in the laboratory prior to 

the experiments [3.26]. The beamline energy was set to 12.398 keV. The 

beam size was 5 μm x 5 μm with a full flux of 1.13 x 1011 photons s-1. The 

sample-to-detector distance was 40 mm and the sample-to-beamstop 

distance was 15 mm. 

Mapping was performed using the D3 goniometer [3.27], similar to the 

rastering procedure described by Wojdyla et al. [3.10]. The grid-cell 

dimensions were identical to the beam size, 5 μm x 5 μm, except for 

oversampled scans where the cells were 2 μm x 2 μm and 1 μm x 1 μm. 

Unless stated otherwise, the beam transmission was 4% and the detector 

was triggered at the beginning of each row to collect images at a rastering 

rate of 100 Hz, while the detector was operated with a 1.0 kHz repetition 

rate and a duty cycle of 0.25 (i.e. 250 μs integration time per image), 

meaning that ten images were collected per cell of the raster grid. 

Fluorescence maps were also collected with the photon-counting 

EIGER X 16M (Dectris, Baden-Daettwil, Switzerland) using the standard 

rastering procedure of the X06SA PXI beamline [3.10], using a single 

image per cell without changing the automatically set internal threshold 

of half of the incoming photon energy, which is below the fluorescence 

energy of the investigated metals for the incoming radiation of 12.389 keV. 

The detector distance for the EIGER 16M measurements was 135 mm. 

 

 3.2.2. Synchrotron data collection of absorption-edge scans 
 

The setup was essentially similar to that used for the fluorescence maps. 

Complete details are given in Section DS2.1 of the supporting information. 

The JUNGFRAU 1M detector was operated at 2.2 kHz, since this 

operating condition had become available at the time of the measurement.  

 

 3.2.3. XFEL data collection of fluorescence maps 
 

Fluorescence data were also collected at the SwissFEL Bernina station 

[3.28], using the JUNGFRAU 16 megapixels (16M) operated at room 

temperature and mounted on a robot arm attached to the ceiling 

[Fig. 3.1(c)]. The beam parameters were 9.06 keV photon energy, 250 μJ 

pulse energy (full beam) and 25 Hz repetition rate. The beam was focused 

slightly smaller than 5 μm x 5 μm FWHM and attenuated to typically 

0.64% transmission. Samples were scanned using the SwissMX 

instrument for fixed-target MX [3.17, 3.28]. The integration time of the 

detector was 10 μs. The sample-to-detector distance was 0.2 m and the 

entrance of the post-sample tube (2 mm outer diameter) was placed 25 mm 
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after the sample. Each pulse was recorded in a separate image and 

corresponds to a unique scanning position and grid cell, in contrast to the 

SLS experiment where several images were summed for each cell of the 

grid. 

 

 

3.3. Results and discussion 

 3.3.1. Choice of data-collection parameters 
 

The data-collection parameters were carefully chosen to guarantee that 

the number of incoming photons per pixel per frame was well below 1, 

both at the synchrotron and at the XFEL. This is necessary to ensure that 

the maximum charge detected by each pixel corresponds to an isolated 

photon so that the final spectrum reflects the incoming radiation as 

accurately as possible. In these low-flux conditions, double counts are 

minimized; however, charge-sharing effects between neighboring pixels 

are still present. A typical image contained more than 90% of pixels with 

no apparently detected photon (Fig. DS9). The suitable range of conditions 

corresponds in practice to several orders of magnitude attenuation of the 

X-ray beam, which are realistic parameters for XFELs in normal self-

amplified spontaneous emission (SASE) mode or using a monochromator. 

Another important parameter is the dose received by the protein samples. 

With the typical beam parameters used here for collecting fluorescence 

maps with JUNGFRAU, the dose received by a crystal with the same size 

as the beam is of the order of 1 kGy. This dose is two orders of magnitude 

lower than the dose received by the same crystal during a standard 

diffraction rastering at 100 Hz with full beam, which is about 0.1 MGy. In 

the absorption-edge measurements at the synchrotron, the exposure 

conditions were comparable with those of an SDD measurement. 

 

 3.3.2. Fluorescence maps 

  3.3.2.1. Scanning maps on model samples 

 

Fluorescence maps were first measured at the SLS by raster-scanning 

samples on a regular grid at very low incident flux and summing the 

pixels which recorded a photon with an energy around the expected metal 

fluorescence energy [Fig. 3.1(a)]. Map scanning was initially performed on 

model samples carrying only metal marks of 1 μm thickness, consisting of 

3 μm-sized crosses with 1 μm branches [Fig. 3.2(a)]. Representative 

spectra are shown in Fig. 3.2(b) and Fig. DS4 of the supporting 

information. The peak at the incoming photon energy is present in all 

curves and results from elastic scattering from the direct beam. A second 

peak at the fluorescence energy of the metal is visible in the presence of 

the metal (dark blue curves). All the spectra also display a charge-sharing 

baseline signal extending from the highest incoming energy down to zero 

(see Section 3.2.3). Fig. 3.2 shows representative maps obtained from the 

Au and Ni samples [Figs. 3.2(e) and 3.2(g)] with a comparison with the 
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online microscope view where the grid has been defined [Figs. 3.2(f) and 

3.2(h)].With the fluorescence maps, metal dots are easily distinguished 

from dust particles [purple arrows in Figs. 3.2(e) and 3.2(f)] deposited on 

the membrane surface, which are present in the optical image but do not 

give rise to a fluorescence signal at the expected energy. The signal-over-

background ratio (SBR) for the mapping scans presented in Figs. 3.2(e) 

and 2(g) is 10.2 ±0.2 and 7.3 ±0.2 for Au and Ni, respectively.  

After this successful proof-of-principle demonstration at the SLS, the 

viability of the detection was confirmed at SwissFEL. Fluorescence map 

scans were performed at SwissFEL during commissioning time, using the 

SwissMX fixed-target station [3.17, 3.28] and JUNGFRAU 16M of the 

Bernina endstation, on the nickel model samples. Because of time 

limitations, only a few scans were recorded and only on small areas 

around individual marks. Fig. 3.2(c) shows a scan over a single nickel 

mark and Fig. 3.2(d) shows the corresponding representative spectra with 

a SBR of 21.5. The enhanced SBR at SwissFEL compared with the SLS 

seems to result from the relatively lower intensity of the direct-beam 

scattering, which may come from subtle differences in the measurement 

endstations (Fig. DS13), such as the beamstop or post-sample tube size 

and distance to the sample, as well as the slightly different beam sizes. 

The higher counts read in Fig. 3.2(d) compared with Fig. 3.2(b) results 

from a factor 50 in the incoming flux between both setups.  

The SwissMX scanning stages can be enclosed in a chamber for operation 

in a helium or air environment. In helium, low-energy X-rays such as 

fluorescence signals from Fe or Ni may be detected more easily since they 

are not absorbed in the long path in air until they reach the detector. 

However, this effect will be partly compensated by the kapton back-

window closing the He chamber, as well as the possibly increased 

thickness of the protective aluminized kapton foil on the detector.  

 

  3.3.2.2. Influence of collection parameters on model 

samples 
 

A systematic study of several parameters was undertaken to evaluate the 

robustness of the detection method. At the synchrotron, the X-ray beam 

transmission was varied between 0.04% and 100% to investigate the 

influence of the number of photons per exposure [Fig. 3.3(a)]. An optimal 

transmission was observed because of the competition between increased 

background noise at low transmission and progressive departure from the 

conditions of a single photon per pixel at high transmission, where the 

energy of the incoming photons can no longer be determined reliably. 
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Figure 3.2 (a) SixNy membrane fixed on a chip pin and a scanning electron microscopy 

(SEM) image of the electroplated metal structures on the SixNy membrane; the scale bar 

is 20 μm. Inset: magnified view on a 3 μm gold cross with a 35.6° tilt. (b) and (d) 

Representative spectra, cumulated from all detector pixels, for different metals 

investigated: (b) from representative samples sandwiched between SixNy windows at the 

SLS (JUNGFRAU 1M) and (d) from a model nickel sample at SwissFEL (JUNGFRAU 

16M). The thick dark blue curves correspond to a grid cell where the metal was present; 

the thin light blue curves correspond to another cell of the same grid where the metal 

was absent. The gray areas represent the ROI used for extracting the fluorescence signal. 

(c) and (e)–(h) Examples of maps obtained from gold [(e) and (f)] and nickel [(c), (g) and 

(h)] model samples. (c) Fluorescence map from a JUNGFRAU 16M at the SwissFEL. The 

color scale shows the ratio of fluorescence to direct-beam ROI counts. For this FEL case, 

the signal from the fluorescence ROI was normalized to the counts in the direct-beam 

energy ROI [shown as gray and yellow, respectively, in (d)]. (e) and (g) Fluorescence maps 

from a JUNGFRAU 1M at the SLS. The corresponding inline camera view is shown in (f) 

and (h). The purple arrows point to dust particles present on the membranes. The color 

scales show summed ROI counts (arbitrary unit of fluorescence signal). 
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Representative maps are shown in the supporting information (Fig. DS5). 

Table 3.1 shows the SBR obtained while varying other collection 

parameters on the same grid. The duty cycle was compared at 0.25 and 

0.01 to investigate detector noise levels. In this case, a moderate loss of 

SBR is observed with the longer integration time because of the 

accumulation of noise. The rastering speed was compared at 10 Hz and 

100 Hz while keeping the number of photons constant. A slightly lower 

fluorescence signal was observed at the lower rastering speed (Fig. DS5), 

which caused a moderate drop in SBR. This might be caused by 

imprecision in the transmission settings or by a more precise sampling of 

the metal mark with the partial duty cycle used here. Generally, 

situations where the overall number of incoming photons is reduced give 

noisier spectral curves (cf. Fig. DS6). However, within a certain range of 

variation of experimental parameters, the SBR obtained from the summed 

region of interest (ROI) counts remains relatively unchanged and reliable. 

This indicates that the detection technique is robust and could be 

employed over a wide range of measurement conditions. 

In the data collected at SwissFEL, the large area of the 16M detector 

makes it possible to study the effects from the positioning and area of the 

sensitive surface. In Fig. 3.3(b), the fluorescence was measured on square 

1M spatial ROIs placed on the 16M area with offsets to the center in the 

vertical and horizontal directions [Fig. DS11(a)]. The SBR increases with 

the offset to the center because the fluorescence photons are scattered 

essentially isotropically and therefore are overrepresented compared with 

elastic scattering which takes place predominantly in the forward 

direction. On the edge of the detector, the two curves slightly separate: the 

fluorescence counts and SBR become higher for a horizontal offset than for 

a vertical offset, possibly reflecting the polarization of the X-ray beam. 

Fig. 3.3(c) shows that the detected signal essentially does not depend on 

the area of the detector over the wide range studied. The rectangular ROIs 

were chosen to preserve comparable radial symmetries [Fig. DS11(b)] in 

order to eliminate the angular effects presented in Fig. 3.3(b). This 

becomes difficult at large areas, where high-angle pixels are slightly 

overrepresented, thus increasing slightly the measured SBR above 

2 megapixels. 

For comparison, scanning maps were also performed at the synchrotron 

using a detector without energy-dispersive detection features, i.e. a large-

area single-photon-counting detector EIGER 16M (Table 3.1), using as 

close as possible parameters (see Section 3.2), in particular the same solid 

angle and incoming flux per cell. The obtained fluorescence SBRs are 

substantially lower and are strongly influenced by the integration 

geometry (Fig. DS12). In particular, in the forward direction (i.e. when 

integrating close to the direct beam), the SBR is so low that fluorescence 

detection becomes impossible with EIGER [Fig. DS12(a)], whereas the 

SBR remains high with JUNGFRAU [Fig. 3.3(b)]. 
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Figure 3.3 (a) SBR as a function of the beam transmission for gold and nickel model 

samples measured at the SLS with a JUNGFRAU 1M. (b) SBR from a nickel model 

sample as a function of the vertical and horizontal offset of a 1M spatial ROI on the 

JUNGFRAU 16M at SwissFEL. (c) SBR from a nickel model sample as a function of the 

area of the spatial ROI on the JUNGFRAU 16M at SwissFEL.  
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Table 3.1 Influence of various detection parameters on the SBR for the gold and nickel 

model samples, measured at the SLS. 

n.d = not determined. The duty cycle is the ratio between the integration time and period 

associated with the detector frequency of operation. 

 

 Varying parameter Experimental conditions SBR (Au) SBR (Ni) 

Duty  0.01 100% T, 100Hz 11.4 ±0.1 n.d. 

cycle 0.25 100% T, 100Hz 9.7 ±0.1 - 

Raster  10 Hz (100 images cell-1) 0.4% T, duty cycle 0.25 6.6 ±0.1 n.d. 

speed 100 Hz (10 images cell-1) 4% T, duty cycle 0.25 10.2 ±0.2 - 

Detector  JUNGFRAU 1M (energy dispersive) 4% T, 100Hz, duty cycle 0.25 10.2 ±0.2 7.3 ±0.2 

type EIGER 16M (total photon counts) 0.1% T, 10Hz, duty cycle 1 4.2 ±1 1.8 ±0.2 

 

 

  3.3.2.3. Scanning maps on real-life samples 
 

To assess the practical usefulness of the method, it is required to evaluate 

the impact of the presence of other materials in the beam path, which 

increases the elastic signal by scattering the incoming X-rays and reduces 

the SBR. The real-life protein-containing samples investigated here are 

representative of in situ methods [3.29-3.30] where the matrix or mother 

liquor is not removed from the support, thus resulting in a high elastic 

scattering signal. In other experimental methods, it is possible to remove 

the mother liquor to decrease the background and to improve the 

diffraction SBR [3.6-3.7]. The fluorescence signal from such samples would 

also benefit from the mother-liquor removal and resemble more the SBR 

obtained from model samples. The choice of high-background real-life 

protein-containing samples in our experiments exemplifies the 

applicability of the method presented here to a broad range of samples. 

In the scope of this work on fluorescence detection, no diffraction 

data were collected from the embedded protein crystals. Demonstration of 

MX data collection from prepositioned protein crystals using fiducials on 

the same samples will be the topic of a separate publication. 

Characterization of the MX data-collection performance of JUNGFRAU 

has been reported elsewhere [3.25]. The fluorescence signal is used solely 

to detect the metal fiducials and never to detect the crystals themselves, 

as the offline prelocation process implies that these are detected using 

a different technique. 

Two types of representative real-life samples containing protein crystals 

were investigated. In the first sample, the micrometre-thick Au or Ni 

fluorescent marks on SixNy, previously investigated as model samples, 

were used as one side of a 140 μm sandwich of lipidic cubic phase (LCP) 

containing protein crystals [Figs. 3.4(a)–(e)] to determine whether the 

uniformly spaced marks could still be detected in the presence of increased 

background. In the second sample, steel microbeads of 1 to 22 μm 

diameter were randomly embedded in the crystal-containing LCP to 
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simulate iron fluorescent marks with unknown spacing and sandwiches 

were prepared from both SixNy membranes without metal marks [Figs. 

3.4(f) and 3.4(g)] and 25 μm-thick cyclic olefin copolymer (COC) films [total 

thickness 190 μm, Figs. 3.4(h) and 3.4(i)]. In all cases, the positions of 

metal objects were readily identified in the fluorescence map, while they 

were not always clearly visible in the online camera view, for instance 

inside the frozen bolus. The bolus edges clearly appeared as a drop in the 

background counts. For the SixNy sandwich with gold and nickel marks, 

the SBR was 2.6 ±0.1 and 2.5 ±0.1 respectively, compared with 10.2 ±0.2 

and 7.3 ±0.2, respectively, for the model samples measured in identical 

conditions. The drop in SBR is caused by the higher absorption and signal 

from X-ray scattering in the LCP matrix. For the steel beads in SixNy and 

COC sandwiches, the SBR was 16.0 ±0.2 and 29.3 ±0.1, respectively. The 

SBR values for the steel beads cannot be directly compared with the gold 

and nickel cases because the steel beads are much larger than the 

thickness of the microfabricated gold and nickel patterns. With the EIGER 

16M, the fluorescence could not be readily detected on the same real-life 

protein-containing samples (Fig. DS10). 

Hybrid pixel detectors display charge-sharing effects, i.e. when a photon 

hits the edge or the corner of a pixel the energy deposited is collected by 

up to four pixels. Because of this charge-sharing effect, charge-integrating 

hybrid pixel detectors always provide a distribution of energies based on 

single pixels which extends below the true photon energy all the way to 

zero as a continuous energy background in the spectrum, in addition to 

the main energy peak. Charge summation of neighboring pixels is often 

used to obtain a correct energy distribution, albeit at the cost of a higher 

noise level. In order to assess the potential for improvement of SBR, 

clustering analysis was performed on the SixNy gold protein-containing-

sample scan (Fig. DS6). By summing energy readouts of clusters of 

neighboring pixels instead of considering energy readouts of individual 

pixels, the low energy baseline of counts induced by charge sharing is 

strongly reduced. This results in an improvement of the SBR, from 

2.6 ±0.1 to 5.7 ±0.1 on this fluorescence map.  
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Figure 3.4 JUNGFRAU 1M fluorescence maps from real-life protein-containing samples 

[(a), (c), (f) and (h)] with corresponding views on the online camera [(b), (d), (e), (g) and (i)]. 

(a) and (b) Au marks. (c)–(e) Ni marks, where the SixNy membrane was partially 

destroyed around the LCP bolus. (e) A low-magnification view. (f) and (g) Steel 

microbeads embedded in LCP within SixNy sandwich and (h) and (i) within COC 

sandwich. Maps (a) and (c), and (f) and (h) are plotted in the same scale of summed ROI 

counts.  

 

  3.3.2.4. Precision of position determination 
 

For high hit-rate data collection on prelocated samples, the fiducial marks 

must be precisely located. To assess the potential for accurate mark 

position determination, scans were also performed on the same samples 

(Figs. 3.2 and 3.4) in oversampled conditions, where the grid-cell 

dimensions were reduced compared with the beam size. This resulted in 

a slower scanning speed but more precise sampling of the fluorescence 

profile of the mark with overlapping frames. Fig. 3.5 shows map details 

and one-dimensional sections of the oversampled maps (blue dots), and 
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examples of complete oversampled maps are given in Fig. DS6. In order to 

determine the position of the center of mass of the metal marks, 

a theoretical fluorescence profile was calculated by convoluting the beam 

Gaussian intensity profile with the known shape of the mark, using 

a simple overlap model (Fig. 3.5, framed inset): the convolution of the 

3 μm-wide cross shape and the 5 μm FWHM Gaussian beam was 

performed by summing the intersection volume while displacing the two 

objects relative to each other. The center of mass of the marks was then 

determined by fitting the theoretical curves to the experimental curves 

(Fig. 3.5, red curves) in both horizontal and vertical directions.  

 

           
Figure 3.5 Cross section of a gold cross fluorescence map with (from top to bottom) 1 μm, 

2 μm and 5 μm cell size, showing the experimental (blue dots) fluorescence profile and 

fitted overlap model (red curve). The horizontal slices on the left panel correspond to the 

dashed blue lines on the fluorescence maps on the right panel. Framed inset (top right), 

schematic of the overlap model used for modeling the experimental signal: convolution of 

the 3 μm-wide cross shape and the 5 μm FWHM Gaussian beam.  

 

 

Table 3.2 Effect of oversampling on the differences between the measured and expected 

distances between marks, in model and real-life protein-containing samples. 

 

  Au Ni 

 Number of 

distances 

measured 

Average 

absolute 

difference 

(μm) 

Standard 

deviation 

(μm) 

Average 

absolute 

difference 

(μm) 

Standard 

deviation 

(μm) 

1 μm cells, model 

sample 

≥3 0.49 0.17 0.28 0.20 

2 μm cells, model 

sample 

≥10 0.60 0.41 0.45 0.26 

5 μm cells, model 

sample 

≥10 0.82 0.86 1.58 1.24 

5 μm cells,  

real-life sample 

≥10 1.31 1.49 2.24 1.64 
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A good agreement was obtained between the experimental and the 

theoretical profiles. For prelocation processes, distances are a relevant 

measurement because the spacings between fiducials matter more than 

their individual absolute positions. The quality of the position 

determination was assessed by measuring all distances between marks on 

a map and comparing with the expected values of the pattern design. 

Statistics were calculated on the values of the differences between 

measured and expected distances, taking the absolute differences to avoid 

error-compensation effects (Table 3.2). From these results, we concluded 

that the achieved precision of position determination is in all cases better 

than the size of the grid cells. Oversampling increases the position-

determination precision, which makes it possible to reach submicrometric 

precision with a moderate oversampling. The lower SBR obtained from 

protein-containing real-life samples decreases the position-determination 

precision. The precision observed with the nickel protein-containing 

sample is worse than expected. As seen in Figs. 3.4(d) and 3.4(e), this 

sample was broken around the bolus and the mark-bearing membrane 

was wrinkled, which may partly explain the worsening of the precision of 

position determination. 

 

3.3.3. Absorption-edge scans 
 

Proof-of-principle absorption-edge scan measurements were performed at 

the SLS on large protein crystals representative of standard synchrotron 

rotation experiments (Fig. 3.6). Experimental methods and results are 

detailed and discussed in the supporting information (Section DS2, 

Fig. DS8, Tables DS1 and DS2). A 90 μm x 50 μm crystal of 

selenomethionine containing protein was chosen as an example displaying 

a clear white line above the absorption edge. Experimentally determined 

curves (Fig. 3.6) and values (Table DS1) are in excellent agreement with 

the measurement performed with SDDs on the same sample, and within 

the variation observed between SDD measurements at two different 

beamlines [Fig. DS8(d)]. The example of a mercury-soaked model crystal, 

an element for which the peak is not prominent, is also shown in the 

supporting information [Figs. DS8(c) and DS8(e), Table DS2]. 

A charge-integrating pixel detector like JUNGFRAU, with small pixels 

and a relatively high noise, is arguably no match for a dedicated energy-

dispersive detector like a commonly used SDD. Charge sharing produces 

a continuous background at all energies below the measured energy and 

the higher electronic noise gives photon-energy peaks which are a factor of 

five broader compared with peaks typically obtained with a SDD [Fig. 

DS8(a)]. 

However, in the scope of this work, it is important to note that, in spite of 

this reduced spectrum quality, JUNGFRAU provides enough information 

to reliably retrieve edge scans of sufficient quality for the investigated 

purposes. A main JUNGFRAU detector installed at a synchrotron 

beamline could in principle also take over the function of a fluorescence 

detector for the applications presented above, thus freeing space in the 
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crowded sample environment in MX beamlines. In addition, the high-

angle scattering recorded in a typical diffraction image in MX experiments 

carried out in a low-dose and fine-phi slicing manner is usually very weak. 

Therefore, when JUNGFRAU is used as the main X-ray detector at an MX 

beamline, an analysis of high-angle background scattering could in 

principle be used to detect most bio-metals. In a multiwavelength 

anomalous dispersion (MAD) experiment, such utility could provide 

continuous monitoring of the beam energy and detect potential energy 

drifts around the absorption edge of interest throughout the entire 

data collection. 

Regarding the possibility of measuring absorption edges at XFELs, it is 

important to note that the recording of absorption- edge scan data at the 

XFEL would require reducing the energy bandwidth of the XFEL beam by 

using a monochromator or a seeded injection scheme. XFEL SASE beams 

are characterized by a certain energy spread varying from pulse to pulse 

[3.31-3.33]. The pulse-by-pulse monitoring of the incoming energy 

spectrum would also need to be included in the data analysis in order to 

preserve the quality of the resulting fluorescence spectra [3.34]. 

 

        
Figure 3.6 Edge scan over the Se edge on a 90 μm x 50 μm crystal showing a comparison 

between JUNGFRAU and an SDD measurement. 

 

 

3.4. Conclusions 
 

We have practically demonstrated that the hybrid pixel charge-integrating 

detector JUNGFRAU can fulfill the functionalities of a spectrometer for X-

ray fluorescence detection applications in macromolecular crystallography, 

thanks to its native energy-dispersive capabilities. The method presented 

here is valid over a wide range of beam attenuation, allowing low-dose 

fluorescence detection and therefore protein sample preservation. Two 

different MX-related applications were investigated: the accurate spatial 

detection of micrometre-sized metal marks in both model and 
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representative protein-containing samples, and absorption-edge scans for 

anomalous data collection. The wide variety of metals used proves the 

versatility and robustness of the detection. In the case of fluorescence 

maps, sub-cell precision was obtained by fitting a theoretical fluorescence 

profile.  

Our results are of practical importance considering that the SDDs 

commonly employed at synchrotron MX beamlines cannot be used at 

XFELs, whereas JUNGFRAU detectors are permanently installed or 

available on request at a number of facilities including SwissFEL. The 

energy-dispersive capacities of charge-integrating detectors such as 

JUNGFRAU could be useful in other types of imaging experiments where 

the energy-dispersion requirements are similar. 

 

3.5. Related literature 
 

The following references are cited in the supporting information for this 

article: 3.35-3.43. 
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Synopsis: Synergistically acting weak molecular interactions create 

robust, free-standing, single molecular layers with ~ 1nm thickness via an 

interfacial self-assembly process. 
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Abstract 
Stable, single-nanometer thin and free-standing two-dimensional layers 

with controlled molecular architectures are desired for several 

applications ranging from (opto-)electronic devices to nanoparticle and 

single-biomolecule characterization. It is, however, challenging to 

construct such stable single-molecular layers via self-assembly, as the 

cohesion of those systems is ensured only by in-plane bonds. We herein 

demonstrate that relatively weak non-covalent bonds of limited 

directionality such as dipole-dipole (-CN· · ·NC-) interactions act in 

a synergistic fashion to stabilize crystalline monomolecular layers of tetra-

functional calixarenes. The monolayers produced, demonstrated to be free-

standing, display a well-defined atomic structure on the single-nanometer 

scale and are robust under a wide range of conditions including photon 

and electron radiation. This work opens up new avenues for the 

fabrication of robust, single-component and free-standing layers via 

bottom-up self-assembly. 

 

4.1. Introduction 

 
The ambition to produce materials with meticulous control over the 

organization of molecular building blocks has, for decades, attracted 

chemists and material scientists and triggered their efforts. This 

longstanding challenge has been met, to a great extent, with the 

development of reticular chemistry allowing for the design of complex and 

chemically programmed crystalline materials, namely metal-organic and 

covalent-organic frameworks (MOFs and COFs) [4.1-4.2]. The strong 

resurgence of interest in 2-dimensional (2D) materials triggered MOF 

design strategies to be adapted for the production of 2D networks [4.3-

4.10]. The two-dimensional nature of this class of materials considerably 

limits their stability, however, a substrate is required. Thus, the possibility 

to produce stable and, a fortiori, free-standing monolayers remains 

a challenge. It is remarkable that currently existing methods do not allow 

for the fabrication of crystalline and free-standing monolayers of organic 

building units exclusively via supramolecular interactions between their 

constituent molecules, in the absence of chemical linkers. Here, we 

challenge the accepted paradigm endorsing strong and directional 

interactions for the design of stable supramolecular architectures: we 

report a strategy to construct stable and free-standing monomolecular 

layers using weak non-covalent bonds of limited directionality (i.e., dipole-

dipole interactions).  
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4.2. Results and discussion 
 

The design of the molecular building block chosen for our first 

demonstration of a free-standing layer architecture has been inspired by 

our previous work on calixarene macrocycles in their function of 

organizing molecular entity [4.9]. At the phenolic rim of the parent 

calix[4]arene macrocycle short alkyl chains were attached in order to 

reinforce the hydrophobic character of the amphiphile while preserving its 

interfacial crystallization propensity. We decided to restrict the work to 

four-membered ring macrocycles because of their higher level of symmetry 

and their relative conformational rigidity. To endow this calixarene 

derivative with the ability to form 2D supramolecular networks, chemical 

moieties capable of dipole-dipole interactions have been introduced. 

Methyl-cyano functional groups have been chosen as they have been 

widely studied for their ability to establish this type of supramolecular 

interaction [4.11-4.12]. 5,11,17,23-tetra-methylcyano-25,26,27,28-

tetrapropoxycalix[4]arene (1) was synthesized and fully characterized (see 

synthesis section in the SI and Fig. ES1). 

The crystallization of 1 from methanol yielded single crystals suitable for 

X-ray diffraction studies with synchrotron radiation. Inspection of the 

structure showed that both molecules of 1 are in the pinched-cone 

conformation and that all methyl-cyano functionalities point away from 

the calixarene cavities. Symmetry expansion reveals a bilayer system 

[Fig. ES2] akin to those found in the vast majority of structures containing 

p-sulfonatocalix[4]arene [4.10-4.11], with hydrophobic layers alternating 

within the extended structure. The relative conformational flexibility of 1 

is likely to be a contributory factor to bilayer formation; examination of 

the extended structure shows that the symmetry equivalents of 1 pack in 

an interdigitated manner, forming a series of identifiable CH‧‧‧N and 

CH ‧‧‧ π interactions (Table ES1-ES8). 

The formation of layers of 1 at the air-water interface was studied using 

the Langmuir balance technique and Brewster angle microscopy (BAM, 

Fig. 4.1 & Table ES9). The compression isotherm shows that 1 here forms 

stable monolayers, characterized by a relatively high collapse pressure of 

28 mN m-1 and a limiting area of 90 Å2 molecule-1. It is noteworthy that, 

unlike the large majority of amphiphilic calixarenes at the air-water 

interface, the interfacial behavior of 1 displays two main phase transitions 

at surface pressure values of 3.4 and 17.9 mN m-1 (Fig. 4.1, the points 

labeled α and β on the isotherm, respectively). Before monolayer 

compression, BAM analysis of the monolayer of 1 at the air-water 

interface shows no contrast; this is characteristic of a 2D gas-phase (Fig. 

4.1D). At the isotherm take off (A0 = 102 Å2 molecule-1), the monolayer 

exhibits a homogeneous morphology in BAM (Fig. 4.1D). After the first 

phase transition observed at 3.4 mN m-1, the morphology of the monolayer 

changes to yield large needle-like crystalline structures (Fig. 4.1E&F).  
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Figure 4.1 Chemical structure and interfacial self-assembly characterization of 1. (A) 

Molecular structure of para-methyl-cyano-tetra-propoxy-calix[4]arene, 1. (B) Extended 

structure found in the crystal structure of 1 showing methyl-cyano functionalities 

pointing away from macrocycle cavities. Color code: C – grey, N – blue, O – red. Hydrogen 

atoms are omitted for clarity. (C) Surface pressure-area compression isotherm of 1 on 

pure water displayed three distinct phases with phase transitions at surface pressure 

values of 3.4 (α) and 17.9 mN m-1 (β), corresponding to molecular area values of 97 and 84 

Å2 molecule-1, respectively. Letter labels indicate the position on the isotherm where the 

corresponding BAM micrographs were acquired. (D-I) BAM micrographs of the monolayer 

of 1 on pure water. Large crystalline monolayer domains grow after the first phase 

transition (10 mN m-1). Upon further compression, the crystalline network expands and 

covers the whole available area at the air-water interface. Scale bar represents 100 μm. 

 

Upon further compression, the second phase transition is reached; large 

dendritic crystalline structures appear and gradually cover the whole 

surface available (Fig. 4.1G & H). Further compression increases the 

density of those crystalline domains (Fig. 4.1I) until the monolayer 

collapses. 

Notably, BAM results confirms that 1 self-assembles as a crystalline layer 

at the interface in the absence of organic/inorganic nodes. The addition of 

transition metal salts (i.e., CuCl2, NiCl2 and CrCl3) did not cause any 

relevant change in the compression isotherm or BAM micrographs. As 

cyano moieties are known to be capable of metal coordination, this result 

strongly suggests that in-layer interactions are largely favored (Fig. ES3) 
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and that the formation of the crystalline network of 1 is due to 

intermolecular (-CN · · ·NC-) dipole-dipole interactions. The influence of 

van der Waals interactions can be neglected because of the short length of 

aliphatic chains at the lower rim of the macrocycle. To further verify the 

nature of the intramolecular interaction stabilizing this layer, compression 

isotherms were carried out in the presence of a competitor molecule 

capable of (-CN · · ·NC-) interactions, namely acetonitrile (ACN), in the 

subphase (Fig. ES4). The dissociation constant (Kd) of single dipole-dipole 

interactions, calculated using reported Gibbs’ free energy of interaction 

values (G0, ranging from -5 to -20 kJ mol-1) of - CN · · ·NC- [4.13], is 

expected to range from 0.3 to 100 mM. In our experiments, we used 

acetonitrile concentrations of 10 and 10-2 mM. At the lowest tested 

concentration of 10-2 mM (expected to be below Kd), the Langmuir 

compression isotherm did not reveal any relevant change with regard to 

that measured on pure water. This confirms that no significant interaction 

occurred between 1 and ACN. Oppositely, at an ACN concentration of 

10 mM, only a very unstable monolayer is formed (with a collapse 

pressure below 4 mN m-1), indicating that the interactions of 1 with the 

cyano group in ACN totally disrupted the self-assembly process. This 

result further confirms the dipole-dipole nature of the intermolecular 

forces stabilizing the monolayer of 1. 

The monomolecular layer of 1 was transferred, using the Langmuir 

Schaefer (LS) method, at the surface pressure of 20 mN m-1, from the air-

water interface onto two different solid substrates, i.e., highly oriented 

pyrolytic graphite (HOPG) and silicon/silicon dioxide coated with 

octadecyltrichlorosilane (OTS). In both cases, transfer ratio values were 

close to unity; surface ellipsometry and contact angle measurements 

confirmed the successful transfer of the monolayer onto the solid 

substrates tested (Table ES10). To avoid interferences with the alkyl 

chains of OTS, HOPG has been chosen as the substrate for surface 

analytical experiments described hereinafter. 

The element-specific chemical analysis of the monolayer of 1 transferred 

onto HOPG was carried out using X-ray photoelectron spectroscopy (XPS). 

The N1s spectrum showed only a single peak at 399.7 eV, which is 

a characteristic value for the cyano CN group attached to carbon [4.14]. 

The single sharp N peak, with a full width at half maximum of 1 eV, 

provides evidence that all N atoms have the same chemical environment 

in the monolayer. The O:N ratio, calculated from the O1s and N1s spectra, 

is ~ 1, in agreement with the chemical structure of 1. The amount of water 

in the transferred monolayer is negligible, as calculated from the O1s 

spectrum. This provides further counterevidence against H-bonding of 1 

with water driving the self-assembly of the monolayer of 1 (Fig. 4.2A-C). 

To further explore whether dipole-dipole interactions between the CN 

groups are responsible for stabilizing the layer, we transferred the 

monolayer by LS transfer after assembly on aqueous solutions containing 

10 μM CuCl2, NiCl2, or CrCl3 (Fig. ES3). XPS revealed, in all these cases, 

the absence of any metal linkers (Fig. ES5). These results confirm that the 

CN groups in the calixarene have a higher propensity to interact with one 
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another via dipole-dipole interaction than via coordination bond with 

metal ion linkers. 

To further characterize 1-based networks transferred on a solid substrate 

and to establish a molecular model of the monolayer on the surface, near-

edge X-ray absorption fine structure (NEXAFS) measurements at the N-K 

edge were carried out (Fig. 4.2D-F). The spectra exhibited a very simple 

line shape consisting only of the signals of transitions into the π* 

(400.6 eV) and σ* (approximately 425 eV) molecular orbitals (MOs) of CN 

[4.15, 4.16]. Only one peak is observed because the CN MO is not 

hybridized with the π system of the phenyl group because of the linking 

sp3 hybridized carbon [4.17]. The linear dichroism (LD) spectrum revealed 

a slight polarization of the π* signal rising to ~4 % at 70° X-ray incidence 

angle. The small negative LD implies that, in average, the cyano groups 

are oriented in an angle γ greater than the magic angle (54.74°) with 

respect to the surface normal. The angle dependence of the π* LD is 

modeled as a plane type orbital (see NEXAFS section in SI) [4.17-4.18]. 

Also, we find an average angle of the CN group with respect to the surface 

normal <γ> = 57 ± 1°. 

Atomic force microscopy (AFM) studies of the 2D supramolecular systems 

provided a substantial challenge; this may be caused by the weak 

interactions between the short apolar part of 1 (i.e., propyl chains) and the 

substrate [4.19-4.20]. AFM micrographs of the monolayer of 1, transferred 

onto HOPG under ambient conditions, were acquired (Fig. 4.3). The layer 

thickness has been determined by measuring the z-profile after scratching 

the layer with the AFM at high constant force. The thereby obtained value 

of 1.0 ± 0.4 nm further confirms the presence of only a single layer of 1 on 

HOPG (Fig. ES6) also consistent with surface ellipsometry measurements 

that show the value of 1.0±0.2 nm. AFM imaging at molecular resolution 

revealed large areas covered with molecules of 1 packed in a square 

fashion with an average lattice constant of 1.5 nm (Fig. 4.3A and B). This 

confirms that the layer is sufficiently stable to be transferred from the 

liquid to the solid surface without being disrupted by the process despite 

the above evidenced absence of covalent or coordination bonding. 
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Figure 4.2 Surface spectroscopy analysis of 1-based monolayers. (A, B & C) X-ray 

photoelectron spectra of the monolayer of 1 transferred onto HOPG by the LS method for 

C1s, N1s and O1s peaks. (C) The O1s spectrum can be fitted with two peaks, 532.5 and 

533.2 eV representing O-C of 1 and an insignificant amount of H2O (~6% of the O1s 

spectrum) [4.14]. A precise interpretation of the C1s spectrum is challenging because of 

multiple peaks overlapping for different C entities of 1. (D, E, & F) Room temperature N- 

K edge X-ray absorption spectra (Ev + Eh) and linear dichroism (LD) of the monolayer of 1 

on HOPG. (D) The transition into the unoccupied π* MO of the CN groups is visible as 

a distinct peak at 400.6 eV. (E) Integrated intensity of the LD of the π* signal as 

a function of the X-ray incidence angle with respect to the surface normal. (F) The data is 

consistent with an average orientation of <γ> = 57° of the CN groups. The dashed line 

corresponds to <γ> = 57 ± 1°. 

 

 

Combining Langmuir isotherm results, XPS, NEXAFS and AFM, we 

propose a model for the molecular packing of 1-based monolayers (Fig. 

4.3C & D). In this model, every single building block of 1 interacts with its 

nearest neighbors via -CN · · ·NC- dipole-dipole interactions. Interatomic 

distances and angles of the CN groups agree with the values reported by 

Allen et al. [4.13] for dominant antiparallel geometry of dipole-dipole 

interaction of CN functional groups. The angle of the CN functional groups 

of 1 with regard to the surface normal, extracted from the molecular 

model, is 58.4°, which is in agreement with the NEXAFS data. 



 63 

 
Figure 4.3 Molecular resolution AFM imaging of the monolayer of 1. (A) AFM images of 

the monolayer of 1 transferred onto HOPG via the LS method. (B) High resolution image 

of the crystalline network of the monolayer shows a highly ordered network formed from 

the single molecules of 1. (C top view and D, side view). Molecular model of the building 

blocks of 1 interacting via the proposed dipole-dipole interaction in the well-ordered 

monolayer.  

 

To further investigate the stability of the layer under different 

environmental conditions, cryo-transmission electron microscopy (TEM) 

investigations have been performed of the monolayer of 1 after 

a successful transfer from the air-water interface onto a lacey carbon 

copper grid by the LS method (Fig. 4.4). Lacey carbon grids are 

hydrophobic by nature and have a mesh structure displaying more than 

80% of open areas. The LS transfer was carried out using the same 

conditions than in the case of HOPG and the transfer ratio measured was 

again close to unity. Cryo-TEM investigations of the monolayer of 1, shown 

in Fig. 4.4, revealed the presence of homogeneous free-standing layers 

across areas as large as 3×3 μm, without rupturing and shrinking. Thus, 

the bonding between the molecules in the monolayer is sufficiently stable 

that it can be transferred as a free-standing film. We attribute this 

remarkable level of stability to the synergistic action of the dipole-dipole 

interactions. The diffraction pattern of the free-standing layer shows only 

one characteristic lattice (Fig. 4.4B). This, together with the absence of 

higher order Laue zones and the high degree of Friedel symmetry in the 

electron diffraction patterns (also in the shape of the Bragg peaks), 

confirms that the free-standing layers are indeed monolayers and not 

ordered or disordered stacks. The electron diffraction patterns of the free-

standing monolayer (Fig. 4.4B) reveals a square lattice with a unit cell 

size of 15 Å (Fig. ES7). This result is in agreement with the AFM data and 

our molecular model. 

It has been widely reported that 2D monolayers of organic molecules 

suffer from decomposition and loss of stability under high electron beam 

intensity [4.21-4.24]. Notably, our results show that the free-standing 
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monolayer of 1 remains intact also during extensive sessions of cryo-TEM 

imaging. 

 

 
Figure 4.4 Cryo-TEM investigation of the free-standing monolayer of 1. (A) TEM analysis 

of the monolayer of 1 transferred via the LS method on a Lacey carbon TEM grid (dark 

areas in the picture are areas of thick carbon from the “lacey carbon” substrate as it is 

widely used as a TEM substrate for its non-uniform and wide openings, black arrow). The 

layer has fractured and lost contact in some areas with the lacey carbon. In these areas, 

the free-standing monolayer can be visualized, as shown with white arrows. (B) The 

electron diffraction pattern of the free-standing monolayer of 1 confirms the squarely 

symmetric packing structure of the crystalline layer. The profile lines across the 

diffraction pattern, Fig. ES7, reveal a unit cell size of 15 Å consistent with the AFM 

acquired and the molecular model of the self-assembled monolayer of 1. 

 

4.3. Conclusion 
 

In conclusion, we demonstrated the formation of a crystalline, free-

standing supramolecular organic network produced in absence of 

coordination or covalent bonds. Thereby we go beyond the current 

paradigm endorsing strong and directional interactions for the design of 

stable supramolecular architectures. The remarkable stability of the layer, 

despite the absence of covalent bridging of the constitutive building blocks, 

is reflected in the observation of undistorted free-standing layers and 

surface-supported layers with the same square crystalline lattice in 

molecular-resolution AFM and high-resolution TEM data, respectively. On 

the basis of surface chemical analysis and a model, the cohesion between 

the building blocks of the layer has been attributed to noncovalent dipole-

dipole interactions between the functional CN groups of 1. We expect our 

chemical design strategy to be versatile so that it could be expanded to 

a broader range of multivalent building blocks capable of establishing in 

plane dipole-dipole interactions. These building blocks should support 

multiple synergistic dipole-dipole interactions, minimize other less 

directional interactions such as van der Waals, and form single molecular 

layers at the solid-liquid interface. The latter is important to gain single 

molecular layers and not amorphous polymer layers with far less 

structural and thickness control. The stability of the free-standing layers 
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produced, when exposed to photon-, photoelectron-, and electron 

irradiations, makes them systems suitable to serve as supporting layers 

for single-protein and single-nanoparticle analyses and imaging [4.25]. 

Furthermore, the findings reported here pave the way toward the design 

of robust 2D layers with molecularly precise architectures and controllable 

physicochemical properties. 

 

4.4. Materials and methods 

4.4.1. Synthesis of 5,11,17,23-tetramethylcyano-25,26,27, 

28-tetrapropoxy calix[4]arene 

 
Compound Cl-C4A-OC3 (Fig. ES1) was synthesized as previously described 

[4.26]. 5,11,17,23-tetramethylcyano-25,26,27,28-tetrapropoxy 

calix[4]arene, 1, was synthesized using a modified procedure adapted from 

that described for analogs nonalkylated at phenolic positions [4.27], as 

follows. Sodium cyanide (0.38 g, 7.63 mmol) was added to a mixture of Cl-

C4A-OC3 (1 g, 1.27 mmol) in dimethyl sulfoxide (150 ml). The reaction 

mixture was kept under N2 atmosphere and magnetic stirring at 80°C for 

3 hours. The resulting pale yellow solution was cooled down and added to 

500 ml of ice/water, yielding a milky solution. This mixture was acidified 

with an aqueous HCl solution (2M). The resulting white precipitate was 

filtered and crystallized from MeOH to yield 1 as white crystals (0.32 g, 

34%; mp 200° to 205°C). 
1H NMR (nuclear magnetic resonance) (300 MHz, CDCl3): δ 6.62 (s, 2, 

ArH), 4.45 to 4.41 (d, J = 13.3Hz, 1,Ar-CH2-Ar), 3.87 to 3.81 (t, J =13.3 Hz, 

2, O-CH2-CH2-CH3), 3.50 (s, 2, Ar-CH2-CN), 3.16 to 3.12 (d, J = 13.5 Hz, 1, 

Ar-CH2-Ar), 1.98 to 1.86 (m, J = 7.5 Hz, 2, O-CH2-CH2-CH3),and 1.02 to 

0.97 (t, J=7.4Hz, 3, O-CH2-CH2-CH3). 13CNMR (75 MHz, CDCl3): δ 156.21, 

135.39, 127.81, 123.52, 118.40, 30.87, 23.18, 22.89, 10.26. Mass 

spectroscopy (electrospray ionization) mass/charge ratio: [M + Na]+, 

calculated for [C48H52N4O4+Na]+ 771.4; found 771.3. Elemental analysis 

(%) calculated for C, 76.98, H, 7.00; N, 7.48; found, C (76.50, 76.52), H 

(7.01, 7.05), N (7.42, 7.45). 

 

4.4.2. X-ray crystallography 

 

Data were collected at 100(2) K by shutterless scans using a Bruker D8 

diffractometer equipped with a PHOTON 100 detector and operating with 

a silicon 111monochromator and synchrotron radiation of wavelength 

0.77490 Å. Diffraction data on the crystal powder of 1 were collected using 

a Bruker D8 Advance powder diffractometer, operating with Ge-

monochromated Cu Kα1 radiation (wavelength = 1.5406 Å) and a LynxEye 

linear detector. Data were collected over the angular range of 5° to 85° in 

2θ. 
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4.4.3. Langmuir monolayer, BAM, and LS deposition 

experiments 

 

Surface pressure area compression isotherms were recorded using 

a NIMA112D Langmuir system. For each series of experiments, the trough 

and barriers were thoroughly cleaned with analytical grade chloroform 

and nanopure water (resistivity of 18.2 megohm∙cm). Nanopure water was 

used as a subphase. The monolayer was prepared by spreading a solution 

of 1 (13 ml, 0.5mg ml−1) in chloroform at the water surface using a gastight 

microsyringe. After solvent evaporation and equilibration of amphiphiles 

at the interface (15 min), barriers were symmetrically closed at a speed 

rate of 5 cm2 min−1. The accuracies of πc and A0 measurements were of 

±0.1mNm−1 and ±1Å2 molecule−1, respectively. Each condition was 

repeated three times to ensure reproducibility of the isotherms.  

BAM was performed by using a Nanofilm_ep3 system (Accurion) equipped 

with an internal solid-state laser at a wavelength of 658 nm. The images 

were acquired using a charge-coupled device camera (768 Å~562 pixels) 

and a 10Å~ objective, equipped with an automatic focus scanner yielding 

1-μm lateral resolution.  

LS transfer was carried out using a NIMA deposition system. HOPG and 

hydrophobic silicon wafers (coated with OTS) [4.28] were used as solid 

substrates for the LS deposition of the monolayer of 1. The substrates 

were brought toward the interface at a controlled speed of 1 mm min−1 and 

touched the monolayer compressed at 20 mN m−1. After 15 min, the 

substrates were slowly removed from the aqueous solution at a constant 

speed of 1 mm min−1. 

 

4.4.4. Near-edge X-ray absorption fine spectroscopy 

 

Near edge X-ray absorption fine spectroscopy was measured at the N-K 

edge at room temperature in a total electron yield mode using linearly 

polarized X-rays (Ev and Eh) for different incidence angles a [4.18]. α = 0° 

implies normal incidence, Ev is always parallel to the surface plane, and 

Eh is perpendicular to Ev. The degree of polarization is 100% [4.18]. Each 

spectrum was divided by a matching (same polarization σ and incidence 

angle α) spectrum obtained on clean HOPG and normalized to unity at the 

pre-edge (395 to 398 eV). 

The angle dependence of the CN π* signal was modelled according to an 

established procedure [4.17], assuming a plane-type orbital (suitable for 

the cyano π* MO) for a threefold or higher substrate symmetry. The 

equations for the intensities Ip and In of the absorption, where the electric 

field of In is normal with respect to the surface normal (i.e., in the surface 

plane) and where Ip is perpendicular to In, are as follows: 
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Here, γ is the angle between the plane normal to the plane orbital (i.e., the 

CN vector) and the surface normal, and θ is the angle between the electric 

polarization of Ip and the surface normal [4.17]. The theoretical LD is then 

calculated as (In − Ip)/(In + Ip). Note that the photon energy was not exactly 

calibrated. 
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http://www.ccdc.cam.ac.uk/data_request/cif
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★ 

Chapter 5 
 

 

“I’m making a note here: Huge success!” 

from lyrics: “Still alive” – Portal 

 

The bright future of freestanding ultrathin 

nanomembranes  

 
Synopsis: Freestanding membranes (thin films) applied as specimen 

support together with selected examples of directions for their further 

development in structural studies.  

 

5.1. Conclusions 

 
In this thesis an example of amorphous, freestanding, ultrathin silicon 

nitride membranes fabricated on a silicon chip (Chapter 1) with a specific 

application for unprecedented X-ray pump/ X-ray multiprobe XFEL 

measurements on protein crystals (Chapter 2) is presented. Dehydration 

protection of crystalline material, which contain significant amounts of 

solvent (water), has been achieved, and is essential to keep the diffraction 

properties of the sample during data collection. Well-sealed packaging 

consisting of materials highly transparent to X-rays [examples: Appendix 

B, Fig. BS8] is indispensable for the collection of high-quality diffraction 

patterns obtained from protein crystals deposited on or in situ grown onto 

a fixed-target delivery system. 

Chapter 3 gives insight on the X-ray fluorescence detection on 

JUNGFRAU detector applied to model samples, consisting of metal 

markers supported by an ultrathin membrane, as well as real, protein-

containing samples. This approach of precise sample prelocation permits 

development towards high throughput XFEL diffraction data collection 

with high sampling precision and no beam-induced damage. 
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Further developments towards obtaining novel, freestanding material 

(Chapter 4) compatible with TEM measurements [Fig. 5.1b], with its 

analysis, have also been shown in detail.  

 

 

  

a) b) 
Figure 5.1 Negative stain TEM imaging of a) catalase nanocrystal on ultrathin carbon 

film in the EM grid, surrounded by single molecules, b) single molecules of catalase on 

the calixarene-based freestanding membrane suspended over lacey carbon in the EM 

grid. CM200 machine operating at 200 keV. 

 

 

5.2. Outlook 
 

Considering the further development of freestanding ultrathin 

nanomembranes for structural biology, the main requirements for an 

optimal solid support applied in diffraction studies are for as follows:  

i) high transparency (to X-rays/electron beam) to ensure 

a sufficient signal to noise ratio of the collected data; 

ii) mechanical stability during data acquisition;  

iii) economic and easy to mass-fabricate for cost-efficient high-

throughput measurements; 

iv) high metallic conductivity, especially for TEM and not only at 

room temperature but also under cryogenic conditions; 

v) prevents preferential orientation of the specimen (e.g., non-

flatness); 

vi) compatibility with vacuum in case of TEM or ambient conditions 

for RT XFEL data collection. 

 

To accomplish the optimization of the specimen support for better 

performance I would suggest some of the following specific directions that 

could be taken: 
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  5.2.1. Slit silicon chip 
 

 
Figure 5.2 Silicon slit chip (Silson Ltd., UK), loaded with high-density microcrystals for 

serial diffraction data collection. The crystalline material was grown via batch 

crystallization and deposited in the V-shaped cavities. Scale: width of the slits (orange) is 

100 μm, Leica Microscope at CF, SLS, PSI. 

 

The slit chip [Fig 5.2.] is an example of fixed-target design, which allows 

for continuous scanning over the sample, using fast goniometers. It is 

compatible with kHz speeds of scans with an ultrafast stage [5.1] and high 

repetition rate of the source (for European XFEL designed value: 

2700 pulses/s). It allows for obtaining high hit-rates; however, it gives high 

risk of preferential orientation of the sample resulting in low completeness 

of the diffraction data. Thus, further improvements of this approach are 

needed, especially with regard to scaling down the dimensions, for 

a solution compatible with nanocrystals [Fig. 5.1a]. 

 

 

 5.2.2. Polymer-based membrane supports 
 

Polymeric supports [Fig 5.3. (prototypes)] are generally flexible and less 

brittle than silicon-based materials. Their main advantage is a relatively 

large working area compatible with automatic, grid-based, serial scanning 

by the XFEL beam. They can serve as single-use chips since they would be 

cheaper once a mass-fabrication protocol is well-established. 



 71 

 

 

 
a) b) 

 
 

 

c) d) 
Figure 5.3. Serial crystallography supports with large area of freestanding polymeric 

membranes (cryo-mesh): a) fabrication protocol [5.2, SNI Annual Report 2017, p.38, 

Project: P1305], b) 2 μm thick holey membrane in the polyimide frame, c) membrane 

protein crystal deposited on the support, imaged in frozen state, d) postmortem view of 

the support with membrane protein crystals after exposure to the XFEL (LCLS) beam in 

Nov 2017, MFX end station (sample covered with ultrathin layer or chromium for 

contrast enhancement in SEM imaging). 

[Further experiments on polymeric supports have been described in publication: Karpik 

et al., Micro and Nano Engineering 7 1000532020 (2020)] 

 

5.2.3. Composite-based sample support  
 

Developments towards minimisation of the background originating from 

the support is particularly desirable for weakly scattering samples (like 

proteins). Application of ultrathin freestanding membranes, especially 

exploitation of the 2D materials, (for instance: graphene, or graphene-
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based composites) is promising. Apart from the high transparency to X-

rays or electrons graphene serves as a waterproof layer. Therefore, it can 

be used in the microfabrication process as the bottom of the wells in the 

silicon chip [Fig 5.4 a-b] for direct protein growth (cf. Chapter 1) on 

ultrathin membranes, i.e. holey carbon-supported graphene membranes, 

suspended on a silicon chip providing “zero-background” signal during 

diffraction experiment [Fig 5.4c].  

 

 
Figure 5.4 Minimal background supports for protein crystal diffraction studies 

a) microfabricated silicon chip with graphene on holey carbon over windows of 

100 μm x 100 μm in size, b) closer view on the membrane, c) diffraction pattern measured 

using synchrotron radiation (SLS, PXI) on lysozyme crystals directly grown on 

a graphene/holey carbon support. 

 

Apart from its desirable properties, graphene is hydrophobic (when 

hydrocarbon contaminated) and a direct contact of the macromolecule with 

its surface can lead to damage of the protein structure. For that reason, 

the combination of graphene with a soft, ultrathin, hydrophilic and protein 

compatible surface (serving as a “buffer” interlayer) would be beneficial. 

This concept leads to exploration of novel composites [Fig. 5.5] as 

specimen supports, especially those consisting of polymeric 2D materials 

[5.3]. The main advantage of this approach is reducing the risk of 

denaturation of the protein molecules due to unsuitable support surface. 
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Figure 5.5 Electron diffraction pattern from the composite crystalline material: 

calixarene-based nanomembrane (low resolution reflections indicated with grey arrows) 

on graphene (high resolution hexagonally located reflections at ≈2.1 Å and ≈1.2 Å 

indicated with white arrows). 

 

Finally, the optimal solution, which should be selected for structural 

studies of biological materials, depends on many factors, the most 

important of which are: 

 i) parameters of the investigated samples (size, sensitivity, etc.),  
 ii) type of radiation used (analytical method),  

 iii) parameters of the data acquisition (RT vs cryocooling; 

atmospheric  pressure vs vacuum; initial tests vs final tuning, etc.) and 

most  importantly  

 iv) the research question to be answered.  

 

5.3. Closing remarks 
 

XFEL-based and electron microscopy techniques have undergone 

unprecedented development in recent years, resulting in high-resolution 

structure determination of many proteins using cryo-EM single particle 

imaging (recognized with Chemistry Nobel Prize in 2017) and 

visualization of the excited, intermediate states of the protein molecules, 

thanks to time-resolved, pump-probe experiments [e.g. 5.4-5.7]. What was 

a dream in structural biology decades ago, has now become reality. The 

thoughts towards the future of emerging technologies bring hope for new 

exciting discoveries. 
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Abstract 
 

The evolution of bismuth crystal structure upon excitation of its 

A1g phonon has been intensely studied with short pulse optical lasers. 

Here we present the first-time observation of a hard X-ray induced 

ultrafast phase transition in bismuth single crystal at high intensities 

(~1014 W/cm2). The lattice evolution was followed using a recently 

demonstrated X-ray single-shot probing setup. The time evolution of 

the (111) Bragg peak intensity showed strong dependence on the 

excitation fluence. After exposure to a sufficiently intense X-ray pulse, 

the peak intensity dropped to zero within 300 fs, i.e. faster than one 

oscillation period of the A1g mode at room temperature. Our analysis 

indicates a nonthermal origin of a lattice disordering process, and 

excludes interpretations based on electron-ion equilibration process, or 

on thermodynamic heating process leading to a plasma formation. 

 

The typical response time of the internal microscopic degrees of 

freedom in a solid, such as the arrangement of the electrons and atoms 

ranges between few fs to few ps. Ultrashort laser pulses can excite 

materials on time scales that are faster than those response times, 

often revealing unique behavior [A1-A5] and furthering the 

understanding of the interactions between electrons and atomic lattice 

[A6-A8]. In the case of ultrafast melting, photoexcitation drives the 

material in a highly non-equilibrium state where the electrons are 

excited while the lattice is still cold. As the electrons thermalize, the 

lattice disorders in hundreds of femtoseconds due to a significant shift 

in the atomic potential energy surface (PES) driven by the excited 

electrons. Bismuth (Bi), well known for its Peierls distorted lattice 

structure, is an important example of such a phase transition. 

The crystal lattice of Bi can be readily excited by an ultrashort 

laser pulses to promote electronic excitations that typically trigger 

a coherent oscillation of the optical Γ-point A1g phonon mode [A1-A4, 

A9]. The characteristic parameters of this oscillation, for example its 

frequency (~2.9 THz [A10, A11]), are strongly dependent on the 

excitation intensity and are directly correlated with the out-of-

equilibrium potential energy surface [A12] (PES). Results from 

a pioneering infrared-pump experiment [A13] and subsequently from 

theoretical models [A8], suggested presence of a non-thermal melting 

process in Bi at an absorbed dose above its melting threshold. To date, 

however, to the best of our knowledge, neither experiments nor 

calculations have been able to describe the dynamics in a range above 

an absorbed dose of 1.2 eV/atom [A13], which is still well below 

a strong fast ionisation regime. In the interest of time-resolved studies, 

several experiments explored excitation regimes up to the regime of 

nonthermal melting in Bi [A3, A9, A14] and in other materials with 

state-of-the-art techniques [A15, A16]. Up to now, structural studies at 

high temporal resolution (<100 fs) sensitive to the excitation of phonon 

modes in Bi have never been carried out neither in the non-thermal 
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melting regime or above it. It is therefore of a fundamental interest to 

investigate the time-resolved dynamical lattice response of Bi to 

intense electronic excitations, with high temporal resolution. 

To address this question, we performed a study of the ultrafast 

lattice dynamics of a bismuth bulk crystal, excited with a femtosecond 

hard X-ray pulse. The advantages of using hard X-rays, instead of 

optical lasers, are: (i) X-rays allow to highly excite the material with 

negligible non-linear effects from electric and magnetic fields of the 

focused laser [A17]. In this way a purely electronic response of the 

material can be studied, and (ii) X-ray irradiation creates a low 

photoelectron density gradient within the pump pulse penetration 

depth under an incidence close to normal, yielding a relatively 

homogeneous secondary electron density therein. The technical 

difficulties typically associated with an X-ray pump and X-ray probe 

experiment using SASE pulses [A18] were overcome by using a novel 

X-ray splitting setup [A19]. As a result, an extremely high temporal 

resolution was achieved, limited only by the XFEL pulse duration. 

Importantly, this technique allows for combined characteristics which: 

(1) is free of any timing and spatial jitter between the pump and the 

probe, or between the probe beams, (2) provides consecutive probing 

(8 in this work) from a single X-ray pulse, thus eliminating stochastic 

effects, and (3) allows for independent focusing between pump and the 

probe pulses. 

 

Results 
The experiment was performed at the XCS station [A20] of the 

Linac Coherent Light Source (LCLS) [A21], using an X-ray photon 

energy of 5 keV, a nominal pulse energy of 2 mJ and a nominal pulse 

duration of 35 fs FWHM. The schematic arrangement of the 

transmission gratings is illustrated in Fig. A1a. The transmitted part 

of the X-ray pulse through the gratings acted as a “pump”, whilst those 

diffracted by the gratings “probed” the sample at precise time delays 

determined by their extended optical paths relative to the transmitted 

pulse. On the sample, half of the probe beams are spatially overlapped 

with the pump pulse, while the other half was separated by 70 μm 

from the pumped region. The uniqueness of the setup has been 

demonstrated previously [A19]. The two major differences from the 

previous work in this experiment are: finer time steps of 20-50 fs for an 

overall coverage of 300 fs, allowing higher probing time resolution, 

and, 2-5 times higher grating diffraction efficiency resulting in better 

signal-to-noise ratio. Further details about the setup can be found in 

the Methods and in references [A19, A22]. To ensure the spatial 

overlap, spot sizes of the pump and the probe pulses were focused to 

a FWHM of 35 ± 5 μm and 12.5 ± 2.5 μm, respectively. The sample was 

oriented so as to direct the Bragg reflections of all the pulses onto a 2D 

detector. 
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Figure A1 (a) Y-Z plane view of the setup. The label “G1 gratings” denotes a stack of 

10 different diamond gratings. Only three are shown here for simplicity. Each of 

these gratings diffracts a small portion of the incoming X-ray pulse in the y-z plane, 

at varying angles defined by their pitch. The diffracted pulses are then re-diffracted 

back by the G2-gratings, to overlap with the transmitted primary pulse within ±3 μm 

precision. (b) X-Z plane view of the setup. All the transmitted and diffracted pulses 

satisfy the Bragg condition of the sample in the x-z plane. The pulses that diffract 

from the sample are separated along the y-axis and aligned along the x-axis. They 

are then recorded on a 2D detector (JUNGFRAU).  

 

 

Figure A2a, A2b show typical single-shot images of the Bi (111) 

Bragg peak reflection, which is sensitive to the A1g phonon mode, as 

recorded on the detector. Diffraction patterns with and without the 

pump pulse are compared (Fig. A2a, A2b). For both images, the group 

of signals on the left-hand side, marked as “reference”, probed the 

unpumped region of the sample; while that marked as “probe” on the 

right, probed the excited area of the sample. The delay time increases 

as the signal distance increase from the (blocked) pump pulse at the 

center of the image. The flare caused by the pump beam was fitted 

with a 1D Gaussian profile for background removal (Fig. A2c). 



 V 

 
 

Figure A3 shows the time evolution of the (111) reflection 

recorded for different X-ray pump fluences, with the relative pump 

incidence at time zero (center of the pump pulse). The fluence levels 

are 2.46 J/cm2, 1.48 J/cm2, and 0.91 J/cm2, corresponding to the 

average absorbed dose values of 3.5 eV/atom, 2.1 eV/atom, and 

1.3 eV/atom, respectively. (The chosen X-ray energy does not induce 

a resonant absorption by inner-shell electrons). Prior to the pump 

events, probe pulse intensities were measured and confirmed low 

enough not to damage or affect the crystal. On average, 50 ± 10 

selected shots for each fluence level were used. We emphasize here 

that the signal dynamics seen in Fig. A3 cannot be due to X-ray 

intensity and spectral fluctuation, or due to crystal imperfections, since 

the time sequences were taken from the same pulse in single shot and 

from the same region of the crystal. 

 

  
Figure A2 (a, b) Typical raw images showing (a) unpumped, and (b) pumped events 

of Bragg reflection signals. The pump pulse is blocked in front of the detector. The 

integrated plots of these images are shown in (c), red (pumped) and blue (unpumped) 

lines. The time delay increases symmetrically left and right from the pump pulse at 

the centre. A dashed grey line indicates the 1D Gaussian background level in the 

pumped case. After background removal, the pumped signals are then integrated and 

normalised by their counterpart from unpumped signals. The normalised signals are 

plotted as red open circles.  
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The dynamics at the lowest absorption dose of 1.3 eV/atom (at 

0.91 J/cm2) in our case could be considered similar to the highest dose 

cases presented in ref. [A13] (1.2 eV/atom for Bi) and in ref. [A23] 

(0.35 eV/atom for Sb) – implying that the PES map at this X-ray dose 

should be highly anharmonic and described by a single-minimum-well. 

For such a case, it is expected that the disordering of the lattice follows 

a relatively direct path, possibly by a direct anharmonic coupling of the 

initially excited A1g motion coordinate to that of the degenerate Eg 

optical mode [A8, A13]. 

For the absorbed doses of 2.1 eV/atom and 3.5 eV/atom, the 

intensity drops to zero within ~300 fs, faster than one oscillation period 

of the unperturbed Bi A1g phonon mode (342 fs, 2.92 THz) [A10-A12]. 

This is also highlighted in the inset graph in Fig. A3, which compares 

our observation to previous Bi (111) diffraction experiments in which 

bond softening or lattice damage at later times were observed [A2, A3, 

A9]. Our signal decays in less than half a picosecond ruling out the 

possibility of thermal melting process. We also note that the observed 

femtosecond transition triggered by 1013 ~ 1014 W/cm2 pump intensity, 

 
Figure A3 Temporal evolution of the normalised signals from X-ray irradiated Bi 

crystal at three different absorbed doses: 3.5 eV/atom (red circles), 2.1 eV/atom 

(magenta triangles) and 1.3 eV/atom (blue squares). Error bars are taken from 

standard deviation. Dashed lines are guides for the eye. The green shaded area marks 

roughly the plateau region discussed in the text. The inset graph shows the 

comparison of the case with [A] 3.5 eV/atom absorbed dose from 5 keV X-ray pulse, 

with the extrapolated data from previous reports on optical excitation of Bi at various 

absorbed doses: [B] Harmand et al. [A6], [C] Fritz et al. [A2], and [D] Johnson et al. 
[A3]. 
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excludes the possibility of collisional heating through photoexcited 

electrons [A24] as a dominant heating process. More details about 

these analyses will be given in the discussion below.  

An intermediate signal plateau present for all fluence cases 

shown in Fig. A3 (shaded green area) has been observed at 

a comparable timescale in X-ray irradiated diamond, within its 

transient transmission of optical pulses [A25]. An exponential fitting to 

extrapolate the decay time constant is possible for reflections from 

lattice insensitive to optical phonon-modes [A5-A13]. In our case, 

however, due to the sensitivity of (111) reflection to the A1g phonon 

mode, we cannot uniquely exclude the possible origin of the plateau in 

Fig. A3 from a damped oscillatory motion along the distortion 

coordinate [A26, A27]. In such a case the major initial atomic potential 

shift would be along the (111) direction, leading to minima of diffracted 

intensity when Bi atomic potential passes through or near the lower 

symmetry equilibrium position of the parent cubic lattice. A possibility 

of such a process could be validated in the future by performing 

dedicated experiments with a longer time delay window. 

 

Discussion 
In the thermal melting regime, dramatic changes in the crystal 

structure can only be observed after significant atomic heating due to 

the electron-ion energy exchange. This process takes time typically of 

the order of ps [A28, A29] at the pump pulse fluences considered here. 

Therefore, the complete signal drop within 300 fs, seen in Fig. A3, casts 

out the lattice disorder through its thermalisation as a possible cause. 

If, on the other hand, the diffraction signal drop is due to strong 

ionisation only, one would expect a significant change of the Bi atomic 

scattering factor due to ionisation of core-electrons. However an 

ionisation degree estimated with the non-local thermodynamic-

equilibrium (non-LTE) radiation transfer code, CRETIN30, points to 

less than 1 electron per atom being excited in the first 100 fs after the 

pump, at our highest intensity of 1014 W/cm2 (equivalent to 

3.5 eV/atom) (see Supplementary Fig. Aii). Indeed, an estimate of the 

scattered intensity based on XATOM code [A31] suggest that, to realise 

the observed signal drop, the normalised scattering factors of Bi should 

be at least ~0.8. This corresponds to an average ionisation degree of 

more than ~10 per atom in the initial state (see Supplementary 

Fig. Ai). To reach such a degree of ionisation would require orders of 

magnitude higher X-ray intensity than we have in this experiment, 

which would push the sample into a plasma state. 

This leaves a non-thermal melting process as the most likely 

interpretation of the observed transition, where a modification of 

interatomic potential due to high electronic excitation induces a lattice 

instability [A13, A32]. Given the average absorbed pump doses 

(1.3~3.5 eV/atom) in our cases, we conclude that 0.3~1.4 atoms for 

every 1000 atoms underwent photoabsorption. Therefore, ~0.1% of the 

atoms have one inner-shell hole due to photoexcitation, which is 
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immediately filled through an Auger process occurring in a sub-fs 

timescale [A31]. Immediately after photoexcitation, this process 

creates only ~0.1% holes in the valence or conduction bands, and the 

core holes are promptly filled. We can then assume that in the first 

instants after photoexcitation the interatomic potential is not 

significantly perturbed. Meanwhile the free energy of the sample 

increases by the amount of the absorbed energy, which is stored in 

high energy (>keV) photoelectrons. In a conventional non-thermal 

melting processes, the following dynamics has been discussed, 

especially for the case of semiconductors [A5, A32, A33]. A fast electron 

distributes its energy through collisional interactions repetitively until 

it settles down into bound states. At the same time the electron 

cascading processes further excite electrons from the valence to the 

conduction band, altering the electron density distribution and thus 

the interatomic potential, and consequently leading to lattice disorder. 

Given that X-ray diffraction is mainly sensitive to the changes in 

core electron density, it should be noted that Bragg diffraction signal 

is, in principle, not directly sensitive to the PES. Indeed, for hard X-ray 

excited Si with similar absorbed doses to our case [A5], the start of the 

Bragg diffraction signal decay was observed after ~110 fs from the 

incidence of the pump. The similar excitation condition in Bi in our 

case also implies a significantly low ionisation degree, thus low 

photoelectron population, despite the absorbed dose is up to a few 

times higher than its damage threshold [A13]. For reflections 

insensitive to optical modes, similarly to the Si or diamond cases [A5, 

A25, A33], one could expect a short period of delay until the onset of 

signal drop can be observed. However, from Bi (111) the onset of the 

signal decay is almost immediate, especially for the highest excitation 

case. It indicates an atomic dislocation process occurring in parallel to 

non-thermal melting process. 

The fluence dependence of our measurements (as seen in Fig. 

A3), carries additional information on the possible phenomena 

occurring upon photoexcitation. Scenarios such as thermal excitation of 

the lattice (Debye-Waller) would exhibit a fluence dependence only in 

the amplitude of the exponentially decreasing diffracted intensity. In 

contrast, here both the amplitude and the gradient leading to the 

normalised intensity of ~0.5 in Fig. A3 show fluence dependence – an 

observation compatible with the displacive excitation of coherent 

phonons (DECP) [A12]. Theoretical modelling of the DECP process is 

primarily dependent on the pump pulse duration (shorter than the 

phonon oscillation period) and on the absorbed power density. Presence 

of energetic excited electrons leads to excitation of many outer 

electrons; thus, a coherent motion of the lattice is induced as a result of 

changes of PES, likely contributing to the building up of a non-thermal 

melting process.  

Assuming that DECP process is initiated, the potential 

implication following here is a strong anharmonic coupling between the 

A1g and the Eg optical modes leading to a phase transition on the 
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timescale less than one period of the A1g mode, as discussed also in ref. 

[A8]. We therefore speculate that this coherent lattice motion could be 

the precursor to the observed non-thermal melting process on such 

a rapid timescale. These stages of transition dynamics initiated by 

hard X-rays are thus most likely relevant for materials with A1 optical 

modes in general.  

In conclusion, we have performed the first-time observation of X-

ray induced lattice disordering in Bi occurring within less than 300 fs. 

The (111) Bragg peak dynamics indicates that the phase transition 

proceeds as a complex multistep process. Our data set an important 

benchmark for future experiments and modelling of the hard X-ray 

induced ultrafast phase-transition in Bi, which should reproduce the 

observed fluence dependence. For that purpose, there is a strong need 

for a development of dedicated theoretical models capable of following 

such complex non-equilibrium dynamics in time. Promising candidates 

currently being developed are time-dependent Density Functional 

Theory or Hartree-Fock based schemes. 

 

Methods 

Experimental Setup 
The schematic arrangement of the transmission gratings is 

illustrated in Fig. A1a. A set of 10 linear gratings (G1 gratings), made 

of diamond, was placed 0.3 m downstream from the beamline exit 

window. A set of 20 linear gratings (G2 gratings), made of Ir and SiO2, 

was positioned 3.3 m downstream of the G1 gratings to receive the 

diffracted beams from the G1 gratings. All the gratings were fabricated 

by means of electron-lithography and reactive ion etching, at the 

Laboratory for Micro- and Nanotechnology, Paul Scherrer Institut. The 

sample was positioned 6.6 m downstream of the G1 gratings, accepting 

both the transmitted (pump) beam and 20 diffracted (probe) beams 

from the G2 gratings. On the sample, half of the probe beams spatially 

overlap with the pump pulse, while the other half is separated by 

70 μm to the unpumped region. In this way, the whole sequence of 

pumped and unpumped signals are obtained simultaneously, from 

a single X-ray pulse. In this experiment, the grating efficiencies are 

enhanced by factors of 2~5 compared to those reported earlier. The 

grating pitches were optimized to sequentially increase the delay 

timings with precisely defined intervals of 20 fs to 50 fs. This small 

time steps were continued up to ~300 fs delay, with the probe focus on 

early-onset of the damage to the crystal. 

The Bragg angle for the (111) reflection in Bi at 5 keV is 18° 

with a measured rocking curve width of 0.2°. The varying incident 

angles in y-z plane of the pump and probe beams do not affect the 

Bragg condition, because the diffraction angle from the sample is only 

sensitive to the angle in the x-z plane, which is perpendicular to the 

gratings’ diffraction plane (Fig. A1b). Each pulse is then incident at the 

detector at spatially separated locations due to the angular separations 
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in the y-z planes created by the diffraction gratings, thus retaining the 

delay-time information. Fresh sample surface was used for every shot. 

The Bragg reflected probe beam signals were recorded using the 

JUNGFRAU detector, an integrating two-dimensional pixel detector 

comprised of arrays of 75 × 75 μm2 pixels, with single photon 

sensitivity over a dynamic range of 2.5 × 104 for 5 keV photons. More 

details about the JUNGFRAU detector can be found in [A34]. The 

intensity of each diffracted peak on the detector was determined by 

integrating the counts up to half the distance to the neighbouring 

peaks. The integrated peak intensities were then normalised against 

the unpumped counterparts, which were then rescaled using the 

normalised and averaged “reference” signals. 

The size of the pump beam spot was determined by observing 

the attenuated X-ray beam on a YAG screen at the sample position, 

using a microscope lens and a Charge Coupled Device (CCD) detector. 

The different spot sizes of the pump and the probe pulses were 

achieved by using Be focusing lenses positioned at two places. The first 

set was placed upstream of the G1 gratings and therefore affected the 

focusing of the direct pump beam and the probe beams. The other set 

was placed on the optical axis at the G2 grating position (not shown in 

the figure) and only affected the focusing of the pump pulse. This 

arrangement allowed us to choose the size of the pump and the probe 

beams independently. 

The unattenuated pump pulse energy at the sample position 

(after passing through the gratings and the focusing lenses) was 

measured with a calorimeter to be ~100 μJ, which is ~5% of the 

nominal total emitted pulse energy. In order to vary the fluence level, 

but not the probe intensities, the pump pulse was attenuated using 

10 μm and 20 μm Al foils placed on the optical axis of the transmitted 

beam, close to the G2 grating (Fig. A1a). With these conditions, the 

pump beam fluence varied from 0.9 to 2.5 J/cm2. The energy of each 

probe beam was 0.01 to 0.2% of the pump beam at the sample position. 

In the absence of the pump beam, the crystal structure remains intact, 

confirming that the probe pulses are sufficiently weak to not damage 

the crystal. 
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1) Scattering factor and ionisation degree estimate with XATOM 

Assuming that the diffracted Bragg signal scales with the 

scattering factor, the expected average photoionization degree of atoms 

within the X-ray irradiated Bi bulk is estimated with XATOM code 

[A1.1].  

The X-ray excited Bi was treated iteratively (up to ~100 

iterations for convergence), for each charge state of Bi, in a spherical 

coordinate system. For each iteration, effective single-electron 

Schrödinger equation is solved within Hartree-Fock-Slater (HFS) 

model, with Latter’s correction in the asymptotic behaviour of the HFS 

potential. To calculate atomic data for all individual electronic 

configurations, called Self Consistent Field (SCF) procedure, an energy 

error threshold of 1e-8 atomic units (a.u.), was used. This error includes 

multiple-hole states of arbitrary atomic species, as well as the cross 

sections and rates of X-ray-induced atomic processes. For this 

calculation, we have used approximately 200 grid points in the radial 

direction (more than 0-50 a.u. radius) and about 100 grid points in the 

angular direction (over 0-20 a.u. momentum). 

Figure Ai shows the atomic scattering factors for different 

charge states of Bi, as the functions of momentum transfer. Based on 

this result, the required degree of ionisation in the initial state, to 

reach the observed intensity drop, is estimated to be at least 10 - which 

is contradictory to the low pump intensity, and thus photoabsorption 

probabilities corresponding to the fluence used in the experiment. 

 

2) Ionisation degree calculation with CERTIN 

Ionisation degree of Bi under 5 keV x-ray excitation was 

estimated using the non-local thermodynamic equilibrium (non-LTE) 

plasma simulation code CRETIN [A2.1]. For the experiment condition 

presented in the manuscript, the plasma model is expected to provide 

an overview description of the material under X-ray excitation, such as 

the ionisation state, or electron temperature, as a function of time 

(more examples could be found in refs. [A3.1, A4.1]). 
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Figure Ai The scattering factors (y-axis) for various Bi ions. The y-axis is the 

integrated scattering factor (ISF) for different charge states, normalised by the ISF 

for neutral Bi. The x-axis is the momentum transfer in a.u. The plot suggests that the 

average ionization degree in Bi bulk would have to increase significantly within the 

300 fs timescale, in order to explain the observed Bragg peak decay seen in Fig. A3 of 

the main manuscript as due to the decrease in scattering factor. 

 

The simulation parameters are matched with the fluence and 

photon energy in the experiment, i.e. photon energy of 5 keV, pulse 

duration of 35 fs with a flat-top X-ray pulse model. The structure is not 

explicitly modelled in this code and the material is treated as 

a continuum. Instead, the sample is simulated in nanometre-sized 

zones, where continuum lowering governed by Stewart-Pyatt 

degeneracy is applied to compensate for the lowering of ionisation 

potentials. The code allows electron and ion temperatures to be 

different but assume a Maxwellian distribution of kinetic energies 

within those populations. Using this concept, rate equations are solved 

to calculate the time evolution of the system with changing population 

of electronic states, radiation transport including energy dependent 

absorption and opacity changes. 

The calculation keeps track of the average ionisation and 

temperatures of electrons and ions separately, while excluding any 

local structural information assuming that the local density of the 

atoms is homogeneous within the simulation duration (~100 fs). It was 

found that even at the highest fluence case, the average ionisation 

degree per atom was around 0.8 after 100 fs, where the primary modes 

of ionisation were direct photoionisation and Auger ionisation. It also 

suggests that many of the capabilities of the code related to highly 

ionized plasma states were not activated even for the highest dose 

case. 
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Figure Aii Average ionization degree per atom of bismuth for the highest fluence case 

(3.5 eV/atom). Time zero denotes the pump pulse incidence. The average ionisation 

degree is less than 1, at 100 fs after the laser incidence, indicating that the sample to 

reach plasma state on the timescale of < 300 fs unlikely. 
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Table BS1 Parameters of the crystallization conditions tested for producing large 

crystals for X-FEL experiments. Unless otherwise stated (SD) experiments were 

carried out in hanging drop (HD) geometry. Loaded chips were mounted on the lid of 

the ibidi® box and the reservoir of the chamber was charged with 1 or 0.5 ml of 0.6 M 

NaCl, 0.1 M NaAc, pH 4.5 (reservoir solution; referred to as “R” in the table). They 

were incubated at room temperature (20-22°C), at approximately 55% relative 

humidity. Sizes shapes and densities of crystals were assessed by light microscopy. 

Chips that were selected, mounted to the aluminium holder and exposed to the FEL 

beam are indicated by bold type, chip 48 was used for the synchrotron diffraction 

data collection. 

 

Chip 

no. 

Window 

size  

[μm2] 

SixNy layer 

thickness 

[nm] 

Crystallization condition: 

protein concentration and 

precipitating agent composition 

Volume 

deposited 

(μl) 

1 300 x 300 30 90 μl (50 mg/ml H2O) + 10 μl “R”  20 

2 (SD) 300 x 300 30 90 μl (50 mg/ml H2O) + 10 μl “R” 20 

3 400 x 400 30 50 mg/ml H
2
O 20 

4 400 x 400 30 90 μl (50 mg/ml H
2
O) + 5μl “R” 20 

5 500 x 500 85 100 mg/ml H
2
O 20 

6 500 x 500 85 
90 μl (100 mg/ml H

2
O) 

+ 10 μl “R” 
20 

7 200 x 200 30 
90 μl (50 mg/ml H

2
O) 

+ 10 μl “R” 

5 

 

8 200 x 200 30 
90 μl (50 mg/ml H

2
O) 

+ 5μl “R” 

5 

vs 0.5 ml R 

9 300 x 300 30 
90 μl (50 mg/ml H

2
O) 

+ 10 μl “R” 

5 

vs 0.5 ml R 

10 200 x 200 30 
90 μl (50 mg/ml H

2
O) 

+ 10 μl “R” 
20 

11 200 x 200 30 
90 μl (50 mg/ml H

2
O) 

+ 20 μl “R” 
20 

12 300 x 300 250 
90 μl (50 mg/ml H

2
O) 

+ 10 μl B1 + 10 μl PEG 50% 
20 

13 200 x 200 250 
90 μl (50 mg/ml H

2
O) 

+ 20 μl “R” + 5 μl 100% EG 
20 
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14 400 x 400 30 50 mg/ml 50 mM NaAc 20 

15 300 x 300 250 50 mg/ml 50 mM NaAc 
20 vs 0.5 

ml R 

16 200 x 200 250 50 mg/ml 50 mM NaAc 
20 vs 0.5 

ml R 

17 300 x 300 250 
90 μl (50 mg/ml H

2
O) 

+ 10 μl „R“ + 10 μl PEG 50% 

20 vs 0.5 

ml R 

18 400 x 400 250 
90 μl (50 mg/ml H

2
O) 

+ 10 μl „R“ + 10 μl EG 1% 

20 vs 0.5 

ml R 

20 200 x 200 250 50 mg/ml 50 mM NaAc; fresh 
20 vs 0.5 

ml R 

21 300 x 300 250 50 mg/ml 50 mM NaAc; fresh 
20 vs 0.5 

ml R 

22 400 x 400 250 50 mg/ml 50 mM NaAc; fresh 
20 vs 0.5 

ml R 

23 200 x 200 250 
90 μl (50 mg/ml H

2
O) + 10 μl „R“  

+ 10 μl 50% PEG; fresh 

20 vs 0.5 

ml R 

24 300 x 300 250 
90 μl (50 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl 50% PEG; fresh 

20 vs 0.5 

ml R 

25 400 x 400 250 
90 μl (50 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl 50% PEG; fresh 

20 vs 0.5 

ml R 

26 200 x 200 250 
90 μl (70 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl PEG 50%; fresh 

20 vs 0.5 

ml R 

27 300 x 300 250 
90 μl (70 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl PEG 50%; fresh 

20 vs 0.5 

ml R 

28 400 x 400 250 
90 μl (70 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl PEG 50%; fresh 

20 vs 0.5 

ml R 

29 400 x 400 250 70 mg/ml 50 mM NaAc; fresh 
20 vs 0.5 

ml R 

30 200 x 200 250 50 mg/ml 50 mM NaAc; fresh 
20 vs 0.5 

ml R 

31 300 x 300 250 50 mg/ml 50 mM NaAc; fresh 
20 vs 0.5 

ml R 

32 400 x 400 250 50 mg/ml 50 mM NaAc; fresh 
20 vs 0.5 

ml R 
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33 200 x 200 250 
90 μl (70 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl PEG 50%; fresh 

20 vs 0.5 

ml R 

34 300 x 300 250 
90 μl (70 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl PEG 50%; fresh 

20 vs 0.5 

ml R 

35 400 x 400 250 
90 μl (70 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl PEG 50%; fresh 

20 vs 0.5 

ml R 

36 200 x 200 250 
50 mg/ml 50mM NaAc; stored at 

4°C 

20 vs 0.5 

ml R 

37 200 x 200 250 
90 μl (70 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl PEG 50%; stored at 4°C 

20 vs 0.5 

ml R 

38 300 x 300 250 
90 μl (70 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl PEG 50%; stored at 4°C 

20 vs 0.5 

ml R 

39 400 x 400 250 
50 mg/ml 50mM NaAc; stored at 

4°C 

20 vs 0.5 

ml R 

40 200 x 200 250 50 mg/ml 50 mM NaAc; fresh 
20 vs 0.5 

ml R 

41 300 x 300 250 50 mg/ml 50 mM NaAc; fresh 
20 vs 0.5 

ml R 

42 200 x 200 250 
90 μl (70 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl PEG 50%; fresh 

20 vs 0.5 

ml R 

43 300 x 300 250 
90 μl (70 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl PEG 50%; fresh 

20 vs 0.5 

ml R 

44 200 x 200 250 
50 mg/ml 50 mM NaAc; stored 

at 4°C 

20 vs 0.5 

ml R 

45 300 x 300 250 
50 mg/ml 50 mM NaAc; stored 

at 4°C 

20 vs 0.5 

ml R 

46 200 x 200 250 
90 μl (70 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl PEG 50%; stored at 4°C 

20 vs 0.5 

ml R 

47 400 x 400 250 
90 μl (70 mg/ml H

2
O) + 10 μl „R“ 

+ 10 μl PEG 50%; fresh 

20 vs 0.5 

ml R 

48 300 x 300 250 
90 μl (50mg/ml H2O)  + 20 μl „R” 

+ 10 μl 25% EG 
20 

49 100 x 100 30 
5 nl (50 mg/ml H2O) on top of 8 

nl „R“ 

13 nl in 

each well 
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Table BS2 Parameters of the diffraction data collected on EIGER X 16M detector at 

PX-I beamline, SLS on lysozyme microcrystals grown in situ on the silicon nitride 

membranes and preserved from dehydration by sandwich-type enclosure in between 

two chips. 

 

Data collection  
Temperature (K) 293 

Beamline Swiss Light Source PXI X06SA 

Wavelength (Å) 1.00 

Flux of the full beam; transmission; 

exposure;  

1.5e11 ph/s; 0.005; 0.1 s/frame 

Total range collected per crystal (°); per 

frame 

50; 0.1 

Crystal-to-detector distance [mm] 200 

Number of crystals merged 2 

Phasing method Molecular replacement (search model PDB: 

2lyz) 

Space group P43212 

Unit cell parameter a (Å) 79.50 

Unit cell parameter b (Å) 79.50 

Unit cell parameter c (Å) 37.81 

α = β = γ (°) 90 

Resolution (Å) 50-1.57 (1.61-1.57) 

Rmeas 0.05 (0.847) 

<I/σ(I)> 13.74 (1.04) 

Completeness 0.954 (0.952) 

CC1/2 99.9 (70.5) 

Mosaicity (°) 0.033 

Refinement  
Resolution (Å) 39.75-1.57 

No. of reflections Rwork/Rfree 16960/849 

Rwork/Rfree 0.1656/0.1819 

No. of non-hydrogen atoms:  

   Protein 1020 

   Ions 5 

   Water 65 

Bond lengths RMS (Å) 0.005 

Bond angles RMS (°) 0.77 

Ramachandran favored (%) 99.25 

Ramachandran allowed (%) 0.75 

Ramachandran outliers (%) 0 

Rotamer outliers (%) 0 

Clashscore 1.00 

B-factors (Å2):  

    Protein 30.44 

    Ions 42.11 

    Water 41.05 

PBD ID 5ne0 
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Figure BS1 Microfabricated chip with SixNy windows (here: 200 µm x 200 µm) 

designed for serial femtosecond crystallography time-resolved experiments. Large 

(400 µm x 400 µm) membranes placed in the corners were knocked-out and served as 

alignment marks. 

 

 

 

 
Figure BS2 Inadequate crystallization conditions led to membrane damage. Thin 

membranes (30 nm) are prone to damage during (a) or after (b) crystallization – due 

to the tension created on the membrane.  
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Figure BS3 Protein crystals grown on SixNy membranes. (a) and (b): overview, (c) and 

(d): zoomed in view of selected wells. (a) and (c): Crystals grown at RT from mixture 

previously stored at 4°C overnight, chip 12, chemical composition: 90 μl 50 mg/ml 

H2O + 10 μl R + 10 μl PEG 50%. (b) and (d): Crystals grown at RT from fresh 

solutions, chip 24: chemical composition: 90 μl 50 mg/ml H2O + 10 μl R + 10 μl PEG 

50%.  The chip reference numbers refer to Table S1. 
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Figure BS4 Microfabricated chip on the dew point stage as the nano-wells are filled 

with protein (crystallization) solution, with nanoliter accuracy. Left – top view; right 

– side view. The 5 x 5 well array is 2 mm x 2 mm in size. The automatic method was 

used to load each well with 15 nl of liquid. It took about 2 min to load all 25 wells. 

See here: https://doi.org/10.1107/S1600576717005799/yr5015sup2.mov the 

Supplementary Movie for a demonstration. 

 

 

 

  

 
Figure BS5 Protein crystals grown on SixNy membranes. Crystals are clustering in 

the corners and close to the edges of the membranes resulting in poor coverage of the 

windows. Growth from 20 µl of the solutions mixture (50 mg/ml H2O lysozyme and 

0.6 M NaCl, 0.1 M NaAc, pH 4.5 in proportion 9:1) in HD geometry against 1 ml of 

reservoir solution. Growth observed after 17 h under light microscope. 
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Figure BS6 Protein crystals grown at RT from fresh solutions on 250 nm thick SixNy 

membranes: (a) observed in the sandwich 1h after the enclosure showing minute 

amounts of mother liquor around the crystals. (No water rings were observed in the 

diffraction pattern); (b) microscope view of the sandwich placed on the goniometer of 

the SLS PX-I; data used for structure refinement are originating from the crystals 

indicated by arrows.  
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Figure BS7 (a): Representative diffraction pattern of a lysozyme crystal between 

silicon nitride membranes. Only a quarter of the Eiger 16M detector is shown. 

Transmission for this testshot was 5%. (b): Close up on a spot at 1.57 Å resolution 

(testshot with transmission 5%). Maximum counts value: 3. (c): Close up on a spot at 

about 10Å resolution (similar to Bragg peaks used at LCLS for the delay 

experiments), in a dataset collected at the Swiss Light Source (transmission 0.3%). 

Counts are up to about 2000.  
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Figure BS8 Comparison of the silicon nitride background signal to commonly used, 

commercial ultrathin support materials. Intensity of X-ray scattering from 

investigated samples has been collected at 12.7 keV photon energy, 1 s exposure and 

full flux (4e11 photons/s), detector distance 400 mm. Data recorded at PX-I beamline, 

SLS, Switzerland.  
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Figure CS1 Powder diffraction pattern of silver behenate used for calibration of the 

setup (sum of 45 images with XFEL exposures). The silver behenate rings show equal 

spacing in reciprocal space. Resulting in arcs of the powder rings at 8.3, 9.7 and 11.7 

and 14.6 Å resolution. The center of the detector was calculated from this image to be 

offset in horizontal direction by an angle of 13° with respect to the unscattered beam. 

This detector position allowed for the observation of Bragg peaks in the resolution 

range between 15 Å and 8 Å (q-range between 0.4 Å-1 and 0.7 Å-1). Image plotted in 

logarithmic scale: log10(I), I- signal intensity. 

 
Figure CS2 Comparison of the background signals for different sample preparation 

methods. a) Sum of the 102 snapshots collected on 2 x 250-nm thick silicon nitride 

membranes, which are almost completely transparent to the X-ray beam. b) Sum of 

102 snapshots collected from microtiter plates. The 25-μm thick each, Kapton and 

COC foil gives significant increase in the background signal of about one order of 

magnitude. High intensity Bragg peaks and delayed peaks are originating from 

lysozyme crystals grown on these supports. Images are plotted in logarithmic scale: 

log10(I), I- signal intensity. 
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                    Grade A          Grade B       Grade C 
Figure CS3 Illustration of the applied grading criteria to the obtained diffraction 

signals. Grade A: clear, visible, well-resolved peaks of delays, easy to process; Grade 

B: weak or blurred peaks of delays, missing part of the signal, deformation, difficult 

to interpret; Grade C: inexistent or very weak, blurred peaks of delays, impossible to 

process. Intensities are plotted in the logarithmic scale for better visibility of the 

signal, as delayed peaks are much weaker than the main Bragg peak. Registered 

signals were considered separately for the pump (top) and reference (bottom) side of 

the signal to create subsets with larger (only with complete signal cases) amounts of 

data. 

a) 

 

b) 

 

Figure CS4 Complete signals a) population of the registered signals with Bragg peak 

visible (pumped) b) population of the registered signals without Bragg peak 

(unpumped). Both sets are consisting of only a few data elements, i.e., they are very 

small. Therefore, caution has to be taken while attempting statistical analysis on 

these data sets. Numbers in the top left corners indicates run no-shot no. 
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Figure CS5 Imperfections in recorded signal. 
 

 

 
Figure CS6 High intensity of the delayed peaks acquired from the same large 

lysozyme crystal in two runs (277 and 279) in the unpumped scenario (with 

attenuator present, showing reflections up to the 10th delay), b) and d) – zoomed view 

of white square area marked on a) and c) respectively. Images are plotted in 

logarithmic scale: log10(I), I- signal intensity. 
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a) 

 

b) 
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c) 

 

d) 

 

Figure CS7 Relative intensities (scaled with the sum of the intensity of the first 

8 peaks as internal reference) of each processed shot in 4 sets a) 60 shots of pumped 

probe, b) 29 shots of unpumped probe, c) 37 shots pumped reference, d) 33 shots of 

unpumped reference part of the signal. Most of the data points follow the shape of the 

average (cf. Fig. CS8); outliers are mostly lower quality/saturating detector shots. 

Data points indicated as stars; lines are visual guide. 
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a) 

 

b) 

 

Figure CS8 Average relative (scaled with internal reference of the sum of the 

intensity of the first 8 peaks) intensities based on shot populations consisting of A-

graded exposures (cf. Fig. CS7). Error bars are corresponding standard deviations. 

a) Probe and b) reference part of the signal registered on CSPAD (intensities 

approximately 106 times fainter than the pump beam). Experimental data are 

marked by geometric figures; dotted lines are guide for an eye. The shape of plotted 

curves follows the efficiencies of the setup’s X-ray optics elements.   
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Figure CS9 UV-imaging of the crystals sandwiched between silicon nitride 

membranes, exposed to XFEL, LCLS during LE86 experiment. UV-positive signal 

confirms presence of tryptophan in the crystals, thus their protein origin. i) Bright 

field image of the crystal grown on the membrane; ii) UV-signal registered by means 

of JANSi UVEX microscope, Molecular Dimensions with technical assistance from 

Valérie Panneels; iii) Zoomed view of i). Crystals grown on a) chip no. 30; b) chip no. 

43 (cf. Supplementary Information for Opara et al., 2017, Appendix B).  
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Table CS1: Calibration values of the intensity for each time point based on Si-data 

collection on X-ray optics setup utilized for protein crystal diffraction. Data collected 

on JUNGFRAU detector. These factors are scaling down to equal value the 

efficiencies of the individual channels. 

# Delay 

[fs] 

Si-based calibration for probe Si-based calibration for 

reference 

1. 19.4 0.2942/1.33 0.30655/1.33 

2. 34 0.15282/1.33 0.16923/1.33 

3. 53.8 0.14965/1.33 0.24609/1.33 

4. 77.7 0.02869/1.33 0.04714/1.33 

5. 106.3 0.0689/1.33 0.0878/1.33 

6. 138.1 0.54712/1.33 0.34961/1.33 

7. 173 0.41686/1.33 0.33447/1.33 

8. 212.2 0.04136/1.33 0.04124/1.33 
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Section DS1. Materials and methods for the fluorescence maps 

experiments  

DS1.1. Fabrication of gold and nickel model structures by 

electroplating 

Metal markers of 1 and 2 μm thickness were fabricated on 

a 250 nm thick non-stoichiometric amorphous silicon nitride (SixNy) 

membrane [D1, D2] of 2 mm x 2 mm in size, suspended on a silicon 

frame (6 mm x 6 mm). The 250 μm thick silicon wafer was processed as 

previously described [D3] by wet chemical etching using 20% KOH in 

water at 85°C to create freestanding SixNy membranes. The pattern 

layout is divided into several areas, corresponding to markers of 

different shape and size (1 and 2 μm diameter disks and 3 μm wide 

crosses), and various spacing and arrangement (regular spacing of 20, 

50 and 100 μm, and randomization of these positions). The main 

fabrication steps are pictured in Figure DS1 and pattern layout details 

are given in Figure DS2. 

The wafer with SixNy membranes was initially cleaned with 

oxygen plasma (RIE, Oxford Instruments, 150 W forward power, 

90 mTorr pressure, 30 sccm flow O2, for 2 min). The chips with 

membranes were subsequently coated with Cr/Ge/Cr layers of 

respective thicknesses 5 nm/30 nm/5 nm in a Balzers BAK 600 

evaporator (Evatec AG, Switzerland), to form a seed layer for 

electroplating. The growth rate of the layers was 0.1 nm/s for 

chromium and 0.23 nm/s for germanium, with the substrate placed 

40 cm from the evaporation source. The upper Cr layer serves as an 

adhesion promoter for the PMMA structures. A PMMA (molecular 

mass: 950k, Microchem) layer was spincoated (Laurell spincoater WS-

400-6NPP-LITE) from an anisole solution with spin speeds of 3500 rpm 

and 2000 rpm to reach thicknesses of at least 1 μm and 2 μm 

respectively. The samples were baked out for 15 min at 180°C on a hot 

plate and gradually cooled down to room temperature. The designed 

pattern was written in the PMMA layer by electron beam lithography 

with a Vistec EBPG 5000 PlusES machine using a dose of 3000 μC/cm2, 

in so-called undersize-overdose conditions [D4]. Subsequently, the 

PMMA layer was developed for about 20 s in a 3:7 mixture of H2O of 

ultrapure quality (resistivity 18.2 MΩcm) and isopropanol (ultrapure, 

Technic, France), rinsed for 30 s in deionized H2O, and dried using a 

flash of pressurized N2 gas. After development, the membranes were 

briefly cleaned with oxygen plasma (15 s with 150 W forward power, 

30 sccm, 90 mTorr pressure). The upper chromium layer was removed 

with a 25 s chlorine plasma-etching step (CMA-4, BMP-

Plasmatechnologie GmbH, Germany, mixure of 50 sccm O2 and 20 sccm 

Cl2). The gold structures were electroplated from a potassium gold 

cyanide (K[Au(CN)2]) buffered electrolyte bath (AutronexTM GVC) of 

min. 68.1 wt. % of gold, and the nickel structures from a 185 g/l nickel 

sulphamate electrolyte solution (SEL-REX LECTRONIC 10-03 S, 

ERNE surface AG, Switzerland), as described by Hili et al. [D5]. In the 
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final step, the PMMA layer surrounding the electroplated pillars was 

removed by washing in acetone heated up to approx. 40°C. 

The quality of the formed pillar structures was investigated by 

scanning electron microscopy at 5 keV accelerating voltage with a Zeiss 

Supra VP55 (Zeiss, Germany) equipped with both the in-lens and the 

Everhart-Thorneley secondary electron detectors. 

 

DS1.2. Preparation of fluorescent samples for the scanning maps 

The model samples consisted of the gold or nickel structures 

described above. The frame surrounding the membrane carrying metal 

markers was inserted in the slit of a magnetic chip pin (Figure 3.3a) 

and glued with cyanoacrylate Cementit CA10 glue (merz+benteli AG, 

Niederwangen, Switzerland). Cementit glue can be dissolved in 

acetone for reusing the chip pins. 

The representative samples, containing lipidic cubic phase (LCP) 

with embedded protein crystals, were prepared by sandwiching LCP 

containing crosslinked lysozyme microcrystals between SixNy 

membranes. The LCP (about 20 μl total volume) was prepared by 

mixing monoolein (Nu-Check Prep, USA) and the aqueous phase in 

60:40 ratio with coupled Hamilton syringes. The aqueous phase 

consisted of a suspension of lysozyme microcrystals, obtained by batch 

crystallisation by mixing 500 μl of 20 mg/ml lysozyme (Sigma-Aldrich) 

solution in 100 mM NaAc pH 3.0 and 500 μl of precipitant solution 

(68% dilution of the stock solution 28% NaCl, 8% PEG 6000, 100 mM 

NaAc pH 3.0), crosslinked by suspending the centrifuged crystals 

(2 min at 2600 g) overnight in a 2.5% solution glutaraldehyde. The size 

of the crystals ranged from 5 to 20 μm in size. For sandwiching, 

a marker-free 1000 nm-thick SixNy membrane with a 5 mm x 5 mm 

frame and a 1.5 mm x 1.5 mm membrane (Silson, Southam, United 

Kingdom) was fixed to a microscope slide. A double-sided sticky tape 

140 μm spacer (MiTeGen, Ithaca, USA) cut to form a hole of the 

membrane size was stuck on top. A small LCP bolus was deposited on 

the flat membrane side, and the sandwich was closed by sticking 

a second SixNy membrane on top, with the flat side facing the 

mesophase. The sandwich was separated from the glass slide and 

affixed to a standard protein crystallography sample pin with a double-

sided sticky tape piece as described by Huang et al. [D6]. The 

fluorescent markers were introduced in the representative protein-

containing samples either by replacing the upper SixNy membrane with 

a metal marker carrying membrane described above, or by replacing 

half of the aqueous phase with a 5% wt. suspension of steel microbeads 

(stainless steel metal microspheres 1-22 μm, SSMMS-7.8, Cospheric, 

Santa Barbara, USA) in milliQ water. The steel bead suspension was 

briefly sonicated in a bath to separate aggregates and agitated just 

before sampling to minimize bead decantation. Alternatively, instead of 

commercial SixNy membranes, the steel bead samples were prepared 

between two 25-μm thick cyclic olefin copolymer (COC) films, following 

the IMISX setup reported by Huang et al. [D6]. The samples were 
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snap-cooled in liquid nitrogen. Micrographs of the samples prior to 

snap-cooling are presented in Figure DS3. 

 

DS1.3. Data processing 

The raw data from the JUNGFRAU detector was processed with 

the standard correction algorithm presented by Redford et al. [D7]. 

Due to the low incoming flux, the automatic gain switching feature was 

never engaged and all pixels remained in the highest gain. The 

pedestal raw analog-to-digital converter (ADC) output from the pixel 

matrix was determined in a dedicated dark measurement, and 

subtracted pixel by pixel from the raw ADC pixel matrix output. Then 

the result was corrected with a pixel-wise gain correction factor 

determined independently, to obtain the measured energy per pixel 

[D7]. 

Due to the critical dependence of this measurement to the 

stability of the recorded energy at the SLS, a tracking procedure to 

follow slow drifts in the pedestal values was applied to the data [D7]: 

a subsample of empty pixels was used in each frame to track the 

pedestal. The peak around zero of this distribution, corresponding to 

pixels without photon hits, was fitted with a Gaussian curve, and the 

mean value of said curve was used to obtain a global value to correct 

for pedestal shifts. This is a simple and effective way to correct for 

common mode fluctuations (which were generally small) and also 

(stronger) global temperature/sensor effects. At SwissFEL this tracking 

procedure is not necessary thanks to the short integration time. 

Further processing was performed using ROOT [D8] and 

customized python scripts. In selected cases, a clustering procedure 

was carried out to correct for charge-sharing effects between 

neighboring pixels, when a photon hits the corner or edge of a pixel. On 

the pedestal subtracted and gain corrected 2D-array, square 4-pixel 

clusters were selected around local maxima, over which the energies 

were summed. After photon energy extraction, the cluster was set to 

zero to avoid a new cluster being found on the same pixels while 

analyzing the remaining of the 2D-array. 

The measured energy values of all pixels (or pixel clusters) 

within a defined spatial region of interest on the detector were used to 

compute a histogram showing the number of pixels having received 

a given energy within the exposure, cumulative on all images 

corresponding to a grid cell. Examples of spectra obtained are shown in 

Figure 3.2b. For each metal element, counts were integrated within 

a region of interest (ROI) in energy corresponding to the fluorescence 

energy of the metal: 8.5-10.3 keV for Au, 6.2-8.2 keV for Ni and 5.3-

7.2 keV for Fe. The ROI counts for each grid cell are displayed as 

fluorescence maps. In the case of the XFEL measurements, the Ni ROI 

counts were normalized by the counts in a direct beam ROI (8.3-

9.3 keV), to eliminate pulse-to-pulse variations of the intensity in 

SASE mode. Signal-over-background ratios (SBR) were calculated by 

dividing average counts in the few cells of the map with high counts 
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(where metal is present) by average counts from a large area of the 

map with low counts (where metal is absent). Standard deviations on 

the SBR were calculated using SBRs either from several different 

metal markers in the same map at the SLS, or from several 

independent measurements of the same marker at SwissFEL. Briefly, 

for EIGER 16M scanning maps, pixel counts were summed over 

a defined area of the detector (a square area centered around the beam 

center, covering the same solid angle as the JUNGFRAU 1M geometry, 

see Supporting Information Figure DS10). 

Dose calculations were performed using RADDOSE-3D v1.2.467 

[D9], not using any particular heavy atom content, but a safety factor 

was included by considering the max. beamline flux of 1012 photons·s-1. 

The distance measurements between metal markers were 

carried out either by taking horizontal and vertical slices in the map, 

or by projecting the signal from each marker in both scanning 

directions by summing all rows or columns in the marker area. 

A calculated overlap model was then fitted to the experimental signal 

by scale optimization and translation (0.05 μm steps). The deviation 

from the theoretical distance was calculated as the absolute value of 

the difference between the measured distance and the distance on the 

photolithography mask pattern design. In the oversampled maps, 

a small offset was introduced every other line to account for a small 

triggering delay in the rastering setup (see Figure DS7 in the 

Supporting Information). 

 

Section DS2. Absorption edge scan experiments 

DS2.1. Materials and methods 

DS2.1.1. Selenium-containing crystal 

Crystals were kindly provided by Jérôme Basquin (Max Planck 

Institute of Biochemistry, Martinsried). The selenomethionine 

substituted CWC22-CWC27-EIF4A3 complex was set up for 

crystallization at 20 mg/ml in SEC buffer (20 mM Tris pH 7.4, 250 mM 

NaCl, 2mM DTT) by sitting-drop vapor diffusion in 0.2 μL drops 

obtained by mixture of equal volumes of protein and crystallization 

solutions. Crystals appeared after 2 days at 4°C as monoclinic prism 

after mixing with 20% (w/v) PEG20000, 50 mM MES pH 6.5 and were 

cryoprotected in reservoir solution containing 33% (v/v) ethylene glycol 

prior to flash freezing in liquid nitrogen. The protein crystallized in the 

P212121 space group with cell parameters of a=152 Å, b=165 Å, 

c=181 Å, α=β=γ=90°. The asymmetric unit contained 4 molecules of the 

complex, with 12 Se atoms per molecule (for 514 amino acids in the 

sequence). 

 

DS2.1.2. Mercury-soaked lysozyme crystals 

Chicken egg white lysozyme from Sigma Aldrich (10837059001) 

was dissolved at a concentration of 50 mg/mL in 50 mM Na Acetate pH 

4.5. The crystallisation experiment was carried out in a CrysChem 

sitting drop vapor diffusion plate with protein drops of 2 μL and 2 μL of 
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precipitant against 500 μL of precipitant consisting of 5% PEG MME 

5000, 2 M NaCl, 50 mM Na Acetate pH 4.5, 25% ethylene glycol. The 

plate was stored at 20°C, crystals appeared overnight and kept 

growing for 3 days. A 1 μL drop of Mercury(II) acetate dissolved at 

10 mM in water was added to the crystallisation drops 10 minutes 

before cryo-cooling crystals in liquid nitrogen. 

 

DS2.1.3. Data collection and analysis 

For the absorption edge scanning experiments, the beam 

transmission was set to 5% for Se and 0.5% for Hg. The Si(111) 

monochromator energy was stepped by 5 eV or 2 eV increments 

depending on the distance to the theoretical edge. At each energy 

reached by the monochromator, a series of 5000 images for Se, or of 

9000 images for Hg was recorded at 2.2 kHz repetition rate with 

a 50 μm integration time, but reliable results were obtained already 

using the first 1000, respectively 3000 images, corresponding 

respectively to 0.45 s and 1.4 s total shutter opening time at each 

energy. The sample-to-detector distance was of 55 mm and the sample-

to-beamstop distance was of 15 mm. The beam was defocused to a size 

of 50 μm x 50 μm. 

For the absorption edge scanning experiment, energy 

histograms were calculated over the two furthest corners of the 

detector from the beamstop, between -2 and 30 keV with 500 bins. The 

spectra obtained are shown in Figure DS8 in the Supporting 

Information. The counts in the metal ROI (9 to 10 keV for Hg and 10-

11 keV for Se) were normalized by the maximum of counts at the direct 

beam energy to account for the beam intensity decrease caused by the 

absence of beam optimization during energy scanning. The program 

chooch [D10] was used for obtaining anomalous scattering coefficients 

f ’ and f ’’ from the relative fluorescence signal. For comparison, 

standard edge scan data was recorded on the exact same 

selenomethionine crystal using a typical beamline configuration with 

the beamline-integrated SDD (Ketek AXIS) placed in backscattering 

geometry with an angle of 45° [D11], at beamlines X06SA and X06DA, 

using a transmission of 1% and 1 s exposure time at each energy.  

 

DS2.2. Results 

Representative data for the absorption edge scans is given in 

Figure DS8, using 1000 images for Se and 3000 images for Hg. Adding 

more of the recorded images resulted in smoother curves, but no major 

change in edge profile and chooch results. The absence of a peak 

around 25 keV in Figure DS8a shows that each pixel received at most 

one photon during the integration time. JF spectra display wider peaks 

than SDD spectra due to electronic noise, and a continuous background 

from charge sharing is observed. 

Table DS1 shows the results from chooch for the Se-containing 

sample. Peak and inflection energies are within 1 eV from the 

determinations using an SDD at 2 different beamlines, which is lower 
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than the typical energy resolution of the beamlines. The values of the 

scattering coefficients f ’ and f ’’ are within 2 electrons, which is 

comparable to the difference observed between SDD measurements at 

2 different beamlines. We conclude that the edges scan measurement is 

of similar quality compared to the SDD measurements, in spite of the 

reduced sharpness of the obtained spectra compared to SDD spectra. 

 

 

 

 

 
Figure DS1 Scheme of metal markers fabrication on silicon nitride membranes by 

electroplating: a) silicon nitride membrane over a silicon frame covered with a stack 

of 5 nm Cr, 30 nm Ge, 5 nm Cr and 1-2 μm PMMA, cf. Materials and Methods 

section, b) e-beam exposure, development and opening of the chromium layer 

c) electroplating the structures in the PMMA mold, filling of the formed cavities with 

metal, d) PMMA removal in the acetone bath, leaving the formed markers on the 

freestanding silicon nitride membrane. 
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Figure DS2 (a) Arrangement of the electroplated model metal samples. For visibility, 

the markers are drawn larger than their actual size. The pattern is divided in 9 zones 

in a 3 by 3 layout. Each zone contains a set of regular markers on the left and 

randomly distributed markers on the right. The randomly distributed marks were 

obtained by randomizing the positions of the regular arrays within the same surface 

area. In the upper 3 zones, markers were 2 μm wide disks. In the 3 zones in the 

middle (horizontally), markers were 1 μm disks. In the bottom 3 zones, markers were 

3 μm wide crosses. The spacing between markers in the regular arrays was of 20 μm 

on the left, 50 μm in the middle (vertically), and 100 μm on the right. In the figure, 

the major ticks are spaced out by 500 μm, and the minor ticks by 100 μm. (b) Optical 

micrographs of a metal sample, with close-ups on the regular 20 μm spaced crosses 

area (c) and 2 μm circles area (d). 

(a) 

(b) 

(c) (d) 
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a) 

  

b) 

c) 

 

 d) 

Figure DS3 Optical microscopy pictures of the samples with the protein crystal 

containing LCP media prior to snap-cooling: (a) silicon nitride sandwich with gold 

markers, (b) silicon nitride sandwich with nickel markers, (c) silicon nitride sandwich 

with steel beads, (d) COC sandwich with steel beads. For scale, the size of the silicon 

nitride window, visible as a black frame in a)-c), is 2 mm x 2 mm, and picture (d) is 

taken at the same magnification.  
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a) 

 

b) 

                   
Figure DS4 Full range representative spectra from the fluorescence maps obtained at 

SLS (a) and SwissFEL (b), corresponding to the curves shown respectively in Fig. 

3.2b) and (d) of the main manuscript. The additional peak centered around 0 keV is 

the noise peak from the detector and contains no information from the sample. In the 

case of the SLS data, the signal below 3 keV has been filtered out to 1% for better 

visibility and use in pedestal tracking. 
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                     a)                     b) 

  

                      c)                     d) 

  

                      e)                     f) 
Figure DS5 Fluorescence maps obtained from gold model samples while varying the 

transmission: 0.04% (a), 0.4% (b), 4% (c) and 40% (d), and while varying the rastering 

speed: 100 Hz-10 images/cell (e) and 10 Hz-100 images/cell (f). (e) and (f) are plotted 

on the same scale. 
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Figure DS6 Representative spectra from a gold real sample (silicon nitride sandwich), 

obtained by using the full detector area (top) versus only the lower half of the lower 

module (bottom), i.e. only a quarter of the detector area. The left column shows 

spectra obtained using individual pixels information, while the right column shows 

spectra obtained by clustering. The spectra from 2 different cells in a fluorescence 

map grid are shown. Cell 1102 is a cell where the fluorescence intensity was 

maximum, and cell 1120 had no metal present.  

 

a) 

 
b) 

            
Figure DS7 Oversampled maps with 1 μm cell size, before (a) and after (b) the offset 

correction. This offset correction consisted in offsetting every other line by 2 cells, in 

order to compensate for a systematic triggering error. 
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a) 

 
b)

 

c)

 
d)

 

e)

 
Figure DS8 Absorption edge scans: (a) Raw histograms from the Se edge scan for the 

different monochromator energies, in comparison to an SDD spectrum taken above 

the edge. (b, c) Portions of the histograms normalized to the height of the direct beam 

energy peak, Se in (b), Hg in (c). The integration range is shown as a dashed line. (d) 

JUNGFRAU edge profile for the Se-containing sample, compared to edges measured 

on the same sample with SDDs at the X06SA and X06DA beamlines of the SLS. (e) 

JUNGFRAU edge profile for the Hg-containing sample. Insets in (d, e) show the 

crystals measured. The yellow box is 90 μm x 50 μm. 1000 images were used for Se, 

3000 images for Hg. 
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Figure DS9 Example of readout image from the JUNGRAU detector, recorded on 

a fluorescent nickel marker with 2 % transmission: 20 images were summed (to cover 

the complete cell), with 2.5 keV threshold. Only a about 1/8 of the detector is shown, 

from beam center to detector edge, for visibility of the small pixels. The beamstop 

shadow is visible in the upper part.  

14 keV 

6 keV 

12 keV 

10 keV 

8 keV 
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                       a)                                                        b) 

                       c)                                                        d) 

                       e)                                                        f) 
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                       g)                                                        h) 
Figure DS10 Examples of EIGER 16M maps on model samples (a, c) and real 

samples (e, g) based on total counts summed over a large detector area, a square in 

size of 3376 pixels centered on the beam center. The exposure was 0.1 s (10 Hz 

rastering), and the beam transmission was 0.01% for the model samples, and 0.01 s 

(100 Hz rastering) with 0.1% transmission for the real-life samples, i.e. the number of 

photons per cell is identical to the JUNGFRAU reference maps, and between scans. 

For the nickel model sample (a), the SBR obtained was 1.7 ± 0.2. For the gold sample 

(c), the SBR was 4.2 ± 0.1. (b, d, f, h) corresponding areas on the model and real 

samples. For the gold real sample (e), the scanning area overlaps the LCP bolus on 

the right side. The markers are detectable only in the left area, where no LCP is 

present. For the real sample with steel beads mixed in LCP and enclosed in a silicon 

nitride sandwich, the red arrow shows the only effectively present steel bead in the 

scanning area. Other high-counts features are artifacts illustrating the unreliability 

of the detection with EIGER in presence of LCP.  

 

 

 

 

                              a)                                                    b) 
Figure DS11 Spatial ROIs used on the JUNGFRAU 16M for the SwissFEL data 

analysis, viewed in the direction opposite to the beam propagation. The right and top 

areas were predominantly used because of the absence of any bad module or shadow 

from devices such as the cryojet and post-sample tube. (a) 1M ROIs with the vertical 

and horizontal offset used for Figure 3.4b in the main manuscript. (b) ROIs of 

variable size used for Figure 3.4c. For clarity, ROIs smaller than 0.5M are not shown, 

and the rectangles are very slightly offset for visibility of their overlapping edges. 
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                          a)                            b) 
Figure DS12 Results from measurements with the EIGER 16M detector, using total 

counts on regions of interest defined similarly as in Figure DS11. (a) SBR as 

a function of the offset horizontally and vertically to the beam center for gold and 

nickel model samples, using a square 1 Mpix ROI. The SBR depends highly on the 

position of the ROI. At larger offsets, the SNB becomes higher thanks to the isotropy 

of fluorescence. At low offsets, the SBR decreases and makes the detection difficult. 

The separation between vertical and horizontal offsets arises from the beam 

polarization. (b) SBR as a function of the area of the ROI, for the nickel model 

sample. The SBR is maintained even for small ROIs, but the standard error 

increases. 

 

 

SLS X06SA    SwissFEL SwissMX@Bernina 

 
Figure DS13 Schematics of the experimental setups with relevant distances noted. 

The direct X-ray beam is shown in red, a diffracted ray in purple. Not indicated for 

clarity is the collimator (grey) to sample (green) distance, of about 4 mm in both 

cases. Schematics are approximately to scale. 

 

 

Table DS1 Edge scan results for Se, obtained using 1000 images 

  Energy (eV) f ''(e) f ' (e) 

JUNGFRAU Peak 12660.80 5.98 -7.88 

 Inflection 12659.00 4.38 -9.66 

SDD X06SA Peak 12661.18 5.25 -7.48 

 Inflection 12658.35 2.88 -9.34 

SDD X06DA Peak 12661.34 4.65 -7.49 

 Inflection 12659.58 2.80 -8.85 
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Table DS2 Edge scan results for Hg, obtained using 3000 images 

  Energy (eV) f ''(e) f ' (e) 

JUNGFRAU Peak 12313.80 9.87 -13.44 

 Inflection 12291.00 7.19 -16.17 

 

 

References 
 

[D1] F. L. Edelman, B. N. Zaitsev, V. Z. Latuta & A. A. Khoromenko, The structure of 

silicon nitride films. II. Non-stoichiometric silicon nitride. Phys. Stat. Sol. 51, 49–56 

doi:10.1002/pssa.2210510104 (1979). 
[D2] H. P. Löbl & M. Huppertz, Thermal stability of nonstoichiometric silicon nitride 

films made by reactive dc magnetron sputter deposition. Thin Solid Films 317, 153–

156 doi:10.1016/S0040-6090(97)00512-9 (1998). 

[D3] N. Opara, I. Martiel, S. A. Arnold, T. Braun, H. Stahlberg, M. Makita, C. David 

& C. Padeste, Direct protein crystallization on ultrathin membranes for diffraction 

measurements at X-ray free-electron lasers. J. Appl. Cryst. 50, 909-918 

doi:10.1107/S1600576717005799 (2017). 

[D4] S. Gorelick, V. A. Guzenko, J. Vila-Comamala & C. David, Direct e-beam writing 

of dense and high aspect ratio nanostructures in thick layers of PMMA for 

electroplating. Nanotechnology 21, 295303 doi:10.1088/0957-4484/21/29/295303 

(2010). 

[D5] K. Hili, D. Fan, V. A. Guzenko & Y. Ekinci, Nickel electroplating for high-

resolution nanostructures. Microelectronic Engineering 141, 122–128 

doi:10.1016/j.mee.2015.02.031 (2015). 

[D6] C.-Y. Huang, V. Olieric, P. Ma, N. Howe, L. Vogeley, X. Liu, R. Warshamanage, 

T. Weinert, E. Panepucci, B. Kobilka, K. Diederichs, M. Wang, & M. Caffrey, In meso 
in situ serial X-ray crystallography of soluble and membrane proteins at cryogenic 

temperatures. Acta Cryst. D72, 93–112 doi:10.1107/S2059798315021683 (2016). 

[D7] S. Redford, M. Andrä, R. Barten, A. Bergamaschi, M. Brückner, R. Dinapoli, 

E. Fröjdh, D. Greiffenberg, C. Lopez-Cuenca, D. Mezza, A. Mozzanica, M. Ramilli, 

M. Ruat, C. Ruder, B. Schmitt, X. Shi, D. Thattil, G. Tinti, S. Vetter & J. Zhang, First 

full dynamic range calibration of the JUNGFRAU photon detector. JINST 13, C01027 

doi:10.1088/1748-0221/13/01/C01027 (2018). 

[D8] R. Brun & F. Rademakers, ROOT — An object-oriented data analysis 

framework. Nucl. Instr. and Meth. in Phys. Res. A 389 (1–2): 81–86 

doi:10.1016/S0168-9002(97)00048-X (1997). 

[D9] O. B. Zeldin, M. Gerstel & E. F. Garman, RADDOSE-3D: time- and space-

resolved modelling of dose in macromolecular crystallography. J. Appl. Cryst. 46, 

1225–1230 doi: 10.1107/S0021889813011461 (2013). 

[D10] G. Evans & R. F. Pettifer, CHOOCH: A Program for deriving anomalous-

scattering factors from X-ray fluorescence spectra. J. Appl. Cryst. 34, 82–86 

doi:10.1107/S0021889800014655 (2001). 

[D11] M. R. Fuchs, C. Pradervand, V. Thominet, R. Schneider, E. Panepucci, 

M. Grunder, J. Gabadinho, F. S. N. Dworkowski, T. Tomizaki, J. Schneider, 

A. Mayer, A. Curtin, V. Olieric, U. Frommherz, G. Kotrle, J. Welte, X. Wang, 

S. Maag, C. Schulze-Briese & M. Wang, D3, the new diffractometer for the 

macromolecular crystallography beamlines of the Swiss Light Source. J. Synchrotron 
Rad. 21, 340–351 doi:10.1107/S160057751400006X (2014). 

  



 LV 

♯ 
Appendix E 

 

 

 

 

Supplementary Information for: 

Supramolecular Architectures of 

Molecularly Thin Yet Robust Free-

Standing Layers 

 
Mina Moradia,b, Nadia L. Oparab,c, Ludovico G. Tullia, Christian Wäckerlind, Scott 

J. Dalgarnoe, Simon J. Teatf, Milos Baljozovicb, Olha Popovag, Eric Van Genderenc, 

Armin Kleiberth, Henning Stahlbergc, Jan Pieter Abrahamsi,j, Philippe F.-X. Corvinia, 

Thomas A. Jungb,g,*, & Patrick Shahgaldiana,* 
 

 
aInstitute of Chemistry and Bioanalytics, School of Life Sciences, University of Applied 

Sciences and Arts Northwestern Switzerland, Hofackerstrasse 35, CH-4132 Muttenz, 

Switzerland.  
bLaboratory for Micro- and Nano-technology, Paul Scherrer Institute, Villigen CH-5232, 

Switzerland.  
cCenter for Cellular Imaging and NanoAnalytics (C-CINA), Biozentrum, University of Basel, 

Mattenstrasse 26, CH-4058 Basel, Switzerland.  
dEmpa – Swiss Federal Laboratories for Materials Science and Technology, CH-8600 

Dübendorf, Switzerland.  
eInstitute of Chemical Sciences, Heriot-Watt University, Riccarton, Edinburgh, Scotland EH14 

4AS, UK.  
fAdvanced Light Source, Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, MS6R2100, 

Berkeley, CA 94720, USA.  
gDepartment of Physics, University of Basel, Klingelbergstrasse 82, 4056 Basel, Switzerland 
hSwiss Light Source, Paul Scherrer Institute, CH-5232 Villigen, Switzerland.  
iBiozentrum, University of Basel, Switzerland and Laboratory of Biomolecular Research, Paul 

Scherrer Institute, Villigen, Switzerland.  
jInstitute of Biology Leiden, Leiden University, Sylviusweg 72, 2333 BE Leiden, Netherlands. 

 

Available online: 

advances.sciencemag.org/cgi/content/full/5/2/eaav4489/DC1 

Science Advances 5, eaav4489 (2019). 

 

Distributed under a Creative Commons Attribution NonCommercial 

License 4.0 (CC BY-NC).  



 LVI 

Section ES1. Materials and methods 

All chemicals were purchased as reagent grade from Sigma-

Aldrich (Switzerland) and used without further purification. Solvents 

(analytical grade) were used without any further purification. 

5,11,17,23-tetrakis(chloromethyl)-25,26,27,28-tetrapropoxy 

calix[4]arene (Cl-C4A-OC3) was synthesized as previously reported 

[26].  

Synthesis of 5,11,17,23-tetramethylcyano-25,26,27,28-

tetrapropoxy calix[4]arene (1) was achieved by following a modified 

literature procedure [27].  

A Millipore Synergy purification system was used to produce 

nanopure water with resistivity of 18.2 MΩ.cm. Deuterated solvents for 

NMR spectroscopic analyses were used as received from Arma AG 

(Switzerland). 1H and 13C NMR spectra were recorded with a Bruker 

spectrometer 300 and 75 MHz, respectively. All the NMR peaks are 

reported as chemical shift in parts per million (ppm) using 

tetramethylsilane as internal standard. All coupling constants (J) are 

quoted in Hertz (Hz). The abbreviations s (singlet), d (doublet), 

t  (triplet) and m (multiplet) are used to describe multiplicities. 

Electrospray ionization mass spectra were recorded in positive ion 

mode on a thermoquest LCQ Deca instrument. Elemental analysis was 

measured on a Leco CHN900 microanalyser. Melting points were 

measured using a Büchi 530 apparatus as triplicates to ensure the 

reproducibility of the result. 

 

Section ES2. Contact angle measurement 

Contact angles were measured using a commercial Krüss® Easy drop 

optical system (Krüss, GmbH, Germany). Drops of 3 μL of nanopure 

water were used for measuring static water contact angle on samples. 

To ensure reproducibility, the measurements were repeated at five 

different positions on each sample. 

 

Section ES3. Spectroscopic ellipsometry 

Ellipsometry measurements were carried out using an imaging and 

spectroscopic system (EP3 Ellipsometer Accurion) in a nulling PCSA 

(polarizer-compensator-sample-analyzer) set-up. For all the 

ellipsometry experiments, OTS-coated silicon wafers were used [28].  

 

Section ES4. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) spectra were acquired using 

Specs FOCUS 500 monochromatic Al Kα (hν = 1486.7 eV) with XR 50 M 

excitation source in normal emission using a Specs PHOIBOS 150 

electron analyzer. The C1s core level of HOPG was used as reference 

for the binding energies and was assigned to 284.5 eV. The 

measurements were performed in ultra-high vacuum system with base 

pressure of 10-11 mbar. 
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Section ES5. Atomic force microscopy 

Atomic force microscopy experiments were carried out in the 

PeakForce Tapping® mode using a Multimode 8 instrument (Bruker) 

equipped with a Nanoscope V controller with a scanasyst-air-HR 

silicon tip on silicon nitride lever. 

 

Section ES6. Transmission electron microscopy 

The monolayer of 1, prepared as detailed above, was transferred via 

the LS method on an electron microscopy grid (copper grid with lacey 

carbon, Ted Pella Inc., USA) placed on the designed and fabricated 

polydimethylsiloxane support of required geometry. The TEM imaging 

and diffraction data collection were done with a TEM system equipped 

with CCD camera Ceta (16M Pixel CMOS) and Timepix direct electron 

detector [29-31]. The images were collected in cryo-conditions (sample 

placed on the cryoholder, inserted to the microscope and cooled down 

with liquid nitrogen before illumination by the electrons) with Talos 

(FEI) machine operating at 200 keV accelerating voltage (high 

accelerating voltages are necessary to reduce melting of the material in 

the electron beam and enable the imaging) and vacuum of 3.5×10-8 

Torr. The exposure parameters for imaging were adjusted to achieve 

sufficient visibility of the ultrathin material: to increase the contrast 

image was strongly defocused (> 100 µm); gun lens set to the level 5; 

spot size set to the level 5; electron beam intensity 63.1% and objective 

lens: 82.1%. Additionally, SA and objective apertures were retracted. 

The diffraction image shows a stack of the 300 frames. Each frame was 

an exposure to the electrons of the λ = 2.51 pm for 0.5 s. The detector 

distance was calibrated with aluminum grid and theoretical camera 

length was determined to be 1890 mm. 
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Figure ES1 Synthetic route to 5,11,17,23-tetramethylocyano-25,26,27,28-

tetrapropoxy calix[4]arene (1) and spectroscopic details of 1. (a) Synthetic route to 1 

through the chloro-methlyation of the parent tetra-propyloxy-calix[4]arene (C4A-

OC3), locked in the cone conformation, to yield the tetrachloromethyl derivative (Cl-

C4A-OC3) followed by the nucleophilic substitution of chlorine atoms using NaCN to 

yield 1. (b) ESI mass chromatogram of 1. (c) 1H NMR spectrum of 1. (d) 13C NMR 

spectrum of 1. 

 

Figure ES2 X-ray crystal structure determination details of 1. Crystal Data for 1 

(CCDC 1586569): C96H104N8O8, M =1497.87 g/mol, triclinic, space group P-1 (no. 2), 

a = 14.6702(7) Å, b = 14.7632(7) Å, c = 20.0756(9) Å, α = 82.227(3)°, β = 76.317(2)°, 

γ = 89.982(3)°, V = 4183.5(3) Å3, Z = 2, T = 100(2) K, 34673 reflections measured 

(4.28° ≤ 2Θ ≤ 57.33°), 16006 unique (Rint = 0.0659, Rsigma = 0.0909) which were used in 

all calculations. The final R1 was 0.0799 (I > 2σ(I)) and wR2 was 0.1982 (all data). 

Symmetry expanded structure of 1 showing bilayer formation by association of 

hydrophobic chains at the macrocycle lower rim. 



 LX 

The asymmetric unit contains two molecules of 1, as well as diffuse density 

associated with badly disordered solvent of crystallization; this was removed during 

refinement using a solvent mask, greatly improving the agreement indices. The 

density associated with the disordered solvent of crystallization occupies space within 

the hydrophobic layer of the extended structure, generated by the packing of 

symmetry equivalents (s.e.) of 1. There is no indication of the presence of significant 

intermolecular interactions between the peaks in the density map and atoms of 

neighboring s.e. of 1, so one may assume that the presence of the solvent is very 

unlikely to influence bilayer assembly; this lack of interactions likely promotes the 

severe disorder that in fact compromises modelling. We identified two 

crystallographically unique CH‧ ‧ ‧ N interactions with distances of 2.612 and 2.664 

Å, and one CH‧ ‧ ‧ π interaction with a CH‧ ‧ ‧ aromatic centroid distance of 2.611 

Å. It is noteworthy that a search of the Cambridge structural database for upper-rim 

methyl-cyano functionalized calix[4]arenes returned just 6 hits, and these structures 

display similar intermolecular interactions as those observed in the present case [32]. 

 

 

Table ES1 X-ray crystal structure determination detail of 1. Crystal data and 

structure refinement for compound 1 (CCDC 1586569). 

Empirical formula C96H104N8O8 

Formula weight 1497.87 

Temperature/K 100(2) 

Crystal system triclinic 

Space group P-1 

a/Å 14.6702(7) 

b/Å 14.7632(7) 

c/Å 20.0756(9) 

α/° 82.227(3) 

β/° 76.317(2) 

γ/° 89.982(3) 

Volume/Å3 4183.5(3) 

Z 2 

ρcalcg/cm3 1.189 

μ/mm-1 0.090 

F(000) 1600.0 

Crystal size/mm3 0.08 × 0.06 × 0.05 

Radiation synchrotron (λ = 0.7749) 

2Θ range for data collection/° 4.28 to 57.33 

Index ranges -18 ≤ h ≤ 18, -18 ≤ k ≤ 18, -24 ≤ l ≤ 24 

Reflections collected 34673 

Independent reflections 16006 [Rint = 0.0659, Rsigma = 0.0909] 

Data/restraints/parameters 16006/0/1017 

Goodness-of-fit on F2 1.055 

Final R indexes [I>=2σ (I)] R1 = 0.0799, wR2 = 0.1818 

Final R indexes [all data] R1 = 0.1132, wR2 = 0.1982 

Largest diff. peak/hole / e Å-3 0.56/-0.48 

 
 

  



 LXI 

Table ES2 X-ray crystal structure determination detail of 1. Fractional atomic 

coordinates (×104) and equivalent isotropic displacement parameters (Å2×103) for 1 

(CCDC 1586569). Ueq is defined as 1/3 of the trace of the orthogonalised UIJ tensor. 

 

Atom x y z U(eq) 
O7 -1473.9(14) 3841.3(14) 2219.1(11) 19.9(5) 

O1 8339.2(14) 8842.2(14) 2215.0(11) 20.1(5) 

O8 945.7(15) 4481.6(14) 1785.4(11) 20.7(5) 

O6 170.1(15) 2305.5(14) 2341.3(12) 21.8(5) 

O5 2391.7(15) 2832.6(14) 1659.7(11) 21.4(5) 

O3 4859.7(15) 7834.2(14) 1584.8(11) 20.5(5) 

O2 6607.1(15) 7306.5(14) 2316.1(11) 20.3(5) 

O4 6220.0(15) 9458.6(14) 1752.6(12) 21.1(5) 

N2 6038(2) 2722(2) 4075.4(16) 31.6(7) 

N6 -449(2) -2261(2) 4098.5(16) 30.6(7) 

N4 5073(2) 14024(2) 2190.1(18) 35.5(8) 

N8 1727(2) 9042(2) 2306.9(18) 36.4(8) 

C54 2307(2) 2919(2) 2349.6(16) 17.6(6) 

C13 6517(2) 6567(2) 2828.7(16) 18.5(6) 

C25 5923(2) 11494(2) 2623.6(17) 21.4(7) 

N3 1547(2) 8738(2) 4535.3(16) 36.9(8) 

N5 3828(2) 3778(2) 4571.9(17) 37.9(8) 

C68 -1268(2) 3855(2) 2856.6(17) 18.3(6) 

C75 1165(2) 5209(2) 2086.4(16) 18.1(6) 

C6 7697(2) 8854(2) 2842.4(16) 17.9(6) 

C9 7058(2) 5698(2) 3748.0(17) 20.2(7) 

C66 -631(2) 4636(2) 3622.4(18) 21.7(7) 

C10 6273(2) 5111(2) 3889.7(17) 20.4(7) 

C4 6867(2) 8075(2) 3942.8(17) 20.8(7) 

C5 7516(2) 8060(2) 3324.2(17) 18.5(7) 

C49 2532(2) 3759(2) 2534.5(17) 19.1(7) 

C70 435(2) 5750(2) 2370.3(16) 18.2(6) 

C26 6342(2) 10758(2) 2324.7(16) 18.5(7) 

C53 1965(2) 2168(2) 2858.3(18) 20.6(7) 

C14 4929(2) 6261(2) 2612.7(17) 21.5(7) 

C1 7197(2) 9646(2) 2967.6(17) 18.9(7) 

C8 7183(2) 6442(2) 3226.0(17) 18.7(7) 

C59 -1238(2) 703(2) 3771.9(17) 21.6(7) 

C11 5593(2) 5286(2) 3515.6(17) 20.5(7) 

C22 4850(2) 10330(2) 2099.1(17) 19.9(7) 

C63 -1418(2) 3061(2) 3338.3(17) 19.0(7) 

C57 383(2) 306(2) 3570.0(17) 22.3(7) 

C71 642(2) 6488(2) 2682.0(17) 20.1(7) 

C56 629(2) 1032(2) 3037.2(17) 20.0(7) 

C27 5809(2) 10206(2) 2039.0(17) 19.1(7) 

C2 6555(2) 9640(2) 3598.2(17) 22.0(7) 

C16 4097(2) 7254(2) 3473.3(17) 21.9(7) 

C24 4984(2) 11670(2) 2657.2(17) 21.7(7) 

C74 2077(2) 5336(2) 2171.5(16) 18.6(7) 

C15 4488(2) 7153(2) 2787.9(17) 19.4(7) 

C20 4495(2) 7910(2) 2275.5(17) 19.6(7) 

C92 -605(2) -1562(2) 4275.0(18) 23.4(7) 

C28 7303(2) 10458(2) 2400.4(18) 21.0(7) 

C72 1558(2) 6667(2) 2727.8(17) 20.3(7) 

C51 2198(2) 3066(2) 3732.7(17) 21.7(7) 

C19 4171(2) 8753(2) 2455.6(17) 19.3(7) 
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C73 2253(2) 6073(2) 2493.8(17) 20.9(7) 

C23 4451(2) 11073(2) 2410.5(18) 21.4(7) 

C67 -841(2) 4639(2) 2978.8(17) 19.1(7) 

C62 -1736(2) 2170(2) 3159.0(18) 21.6(7) 

C76 2805(2) 4615(2) 2009.6(17) 20.0(7) 

C12 5699(2) 6015(2) 2987.1(17) 18.8(7) 

C58 -546(2) 125(2) 3929.3(17) 22.2(7) 

C21 4248(2) 9605(2) 1923.4(18) 21.4(7) 

C7 7954(2) 7166(2) 3150.0(18) 20.7(7) 

C65 -810(2) 3864(2) 4118.3(17) 22.4(7) 

C44 6086(2) 3425(2) 4247.8(18) 24.7(7) 

C17 3728(2) 8076(2) 3660.4(17) 22.6(7) 

C48 4835(2) 13349(2) 2543.4(19) 26.0(8) 

C52 1923(2) 2257(2) 3544.6(18) 21.9(7) 

C55 1644(2) 1277(2) 2672.3(18) 22.3(7) 

C61 -85(2) 1579(2) 2858.7(17) 18.5(6) 

C3 6390(2) 8871(2) 4092.7(17) 20.7(7) 

C69 -564(2) 5453(2) 2418.3(17) 19.9(7) 

C18 3789(2) 8820(2) 3148.9(17) 20.6(7) 

C50 2474(2) 3817(2) 3225.8(17) 21.0(7) 

C89 2211(2) 3145(2) 4476.8(18) 27.7(8) 

C43 6144(2) 4318(2) 4479.1(18) 25.0(7) 

C60 -1016(2) 1440(2) 3247.3(17) 20.3(7) 

C64 -1195(2) 3079(2) 3969.5(18) 22.0(7) 

C29 9279(2) 9150(2) 2220.6(18) 23.8(7) 

C95 1765(2) 7468(2) 3071.0(19) 25.6(7) 

C93 -591(3) 3861(2) 4821.7(18) 28.9(8) 

C35 4252(2) 7361(2) 1267.7(18) 25.8(7) 

C90 3117(2) 3507(2) 4529.1(18) 26.6(8) 

C46 2301(3) 8497(2) 4478.6(18) 27.4(8) 

C96 1739(2) 8356(2) 2641(2) 26.9(8) 

C80 -135(2) 2230(2) 1719.6(18) 25.8(7) 

C83 -2401(2) 4164(2) 2197.2(19) 24.9(7) 

C81 520(2) 1704(2) 1225.8(18) 27.2(8) 

N1 6527(3) 9435(3) 5673.9(19) 52.3(10) 

C38 6447(2) 9550(2) 1012.8(18) 27.0(8) 

C32 7321(2) 7242(2) 1694.4(18) 24.9(7) 

C41 5695(2) 8869(2) 4784.7(18) 27.9(8) 

C30 9888(2) 9157(2) 1503.9(18) 26.4(7) 

C45 3258(2) 8161(3) 4405.7(18) 29.8(8) 

C91 -803(2) -671(2) 4513.2(18) 26.6(8) 

C47 4542(2) 12478(2) 2990.7(18) 23.8(7) 

N7 -2040(3) 4448(3) 5664(2) 56(1) 

C86 1312(2) 4524(2) 1051.0(17) 26.1(7) 

C31 10023(3) 8212(2) 1276.6(19) 29.5(8) 

C36 3557(3) 7979(3) 1008(2) 31.5(8) 

C42 6144(3) 9187(3) 5292(2) 33.7(9) 

C39 7402(3) 9993(2) 681.6(19) 33.1(8) 

C84 -2517(3) 4183(2) 1471.6(19) 30.6(8) 

C33 6965(2) 6765(2) 1176.2(18) 29.0(8) 

C87 650(3) 4956(2) 633.3(19) 29.2(8) 

C82 148(3) 1632(3) 589(2) 35.2(9) 

C88 627(3) 5995(2) 572(2) 33.7(9) 

C85 -2483(3) 3245(3) 1228(2) 34.8(9) 

C94 -1388(3) 4190(3) 5309(2) 35.7(9) 

C37 2934(3) 7456(3) 666(2) 42.3(10) 

C34 7744(3) 6731(3) 529(2) 45.2(10) 



 LXIII 

C40 7665(3) 9995(3) -98(2) 42(1) 

C77 3329(3) 2687(3) 1283(2) 40.5(10) 

C79 4359(3) 1724(3) 506(2) 52.1(12) 

C78 3399(3) 1887(3) 932(3) 55.3(13) 

 

 
Table ES3 X-ray crystal structure determination detail of 1. Anisotropic 

displacement parameters (Å2×103) for 1. The anisotropic displacement factor 

exponent takes the form: -2π2[h2a*2U11+2hka*b*U12+…].  
 

Atom U11 U22 U33 U23 U13 U12 

O7 16.2(11) 21.8(11) 25.5(12) -7.4(9) -10.1(9) 5.6(9) 

O1 15.1(11) 21.7(11) 25.0(12) -7.0(9) -5.5(9) 3.4(9) 

O8 21.5(11) 18.0(11) 24.8(12) -5.8(9) -8.1(10) 2.9(9) 

O6 22.4(11) 16.2(11) 25.3(12) 0.6(9) -4.9(10) -0.9(9) 

O5 20.0(11) 20.4(11) 24.3(12) -5.4(9) -4.9(10) 5.1(9) 

O3 20.2(11) 19.4(11) 23.3(12) -3.4(9) -7.7(9) -0.2(9) 

O2 21.2(11) 16.8(11) 22.5(12) -0.5(9) -5.9(9) 2.1(9) 

O4 21.7(11) 16.0(11) 26.5(13) -5.8(9) -6(1) 4.5(9) 

N2 32.2(17) 26.1(16) 37.6(18) -0.7(14) -12.6(14) 2.7(13) 

N6 28.3(16) 25.5(16) 36.8(18) -1.2(14) -7.3(14) 2.6(13) 

N4 30.8(17) 20.6(16) 55(2) -5.4(15) -9.7(16) 5.8(13) 

N8 33.8(17) 23.9(16) 55(2) -7.2(15) -16.4(16) 2.0(13) 

C54 13.4(14) 19.7(15) 21.4(17) -3.2(13) -6.9(13) 6.1(12) 

C13 21.1(16) 12.3(14) 21.9(17) -3.1(12) -4.1(13) 5.4(12) 

C25 18.4(15) 16.8(15) 30.3(19) -4.2(13) -7.7(14) 1.7(12) 

N3 31.5(18) 48(2) 29.5(18) -2.0(15) -5.6(14) 9.2(15) 

N5 32.2(18) 49(2) 31.3(18) -0.1(15) -8.6(15) -6.0(15) 

C68 12.4(14) 17.5(15) 26.4(18) -6.4(13) -5.4(13) 5.0(12) 

C75 21.4(16) 13.5(14) 20.6(17) -2.4(12) -7.4(13) 0.5(12) 

C6 16.1(15) 17.7(15) 23.0(17) -7.6(13) -7.9(13) 1.6(12) 

C9 20.3(16) 17.7(15) 26.4(18) -7.5(13) -10.8(14) 7.1(13) 

C66 18.5(16) 16.9(15) 31.4(19) -7.6(14) -7.2(14) 3.3(12) 

C10 24.4(17) 15.4(15) 21.9(17) -3.1(13) -6.1(14) 4.8(13) 

C4 20.4(16) 17.8(15) 26.5(18) -3.5(13) -9.7(14) 3.9(13) 

C5 14.7(15) 19.2(15) 25.4(17) -7.4(13) -9.8(13) 4.5(12) 

C49 13.6(14) 18.1(15) 26.0(18) -2.2(13) -6.1(13) 6.2(12) 

C70 17.7(15) 14.9(15) 22.0(17) -0.4(13) -6.1(13) 1.4(12) 

C26 17.9(15) 13.5(14) 23.6(17) -0.6(13) -5.0(13) 2.4(12) 

C53 13.9(15) 18.6(15) 31.9(19) -4.9(14) -9.9(14) 6.2(12) 

C14 21.2(16) 20.1(16) 24.6(18) -4.2(13) -7.7(14) 3.4(13) 

C1 15.2(15) 17.3(15) 27.0(18) -4.9(13) -9.7(13) -0.1(12) 

C8 17.6(15) 13.7(14) 26.2(18) -5.9(13) -6.3(13) 6.6(12) 

C59 19.9(16) 17.4(15) 27.5(18) -6.4(13) -4.0(14) -2.8(13) 

C11 18.6(15) 15.5(15) 28.1(18) -4.7(13) -5.7(14) 1.4(12) 

C22 18.4(15) 15.9(15) 25.8(18) 1.4(13) -8.4(14) 0.8(12) 

C63 10.4(14) 18.2(15) 28.9(18) -6.6(13) -3.8(13) 1.8(12) 

C57 23.5(17) 16.6(15) 28.4(19) -5.0(13) -8.1(14) 3.5(13) 

C71 19.3(16) 15.3(15) 25.9(18) -3.5(13) -5.6(14) 1.5(12) 

C56 18.8(16) 17.4(15) 26.1(18) -6.5(13) -7.7(14) 0.8(12) 

C27 19.7(16) 11.5(14) 25.5(18) -0.7(13) -5.2(13) 2.1(12) 

C2 19.9(16) 18.6(16) 29.1(19) -8.5(14) -6.0(14) 3.8(13) 

C16 16.9(15) 23.1(16) 27.2(18) 0.1(14) -10.4(14) 3.2(13) 

C24 22.1(16) 16.2(15) 26.9(18) -3.0(13) -5.8(14) 4.1(13) 

C74 18.4(15) 15.1(15) 20.5(17) 0.9(12) -3.0(13) -0.4(12) 

C15 13.0(14) 18.2(15) 28.3(18) -3.2(13) -7.6(13) 2.0(12) 



 LXIV 

C20 16.0(15) 19.1(15) 23.7(17) -1.1(13) -5.9(13) -0.5(12) 

C92 20.0(16) 23.3(18) 25.2(18) 3.1(14) -5.4(14) 0.8(13) 

C28 17.2(15) 15.2(15) 32.1(19) -4.6(13) -8.5(14) 3.0(12) 

C72 22.6(16) 14.9(15) 24.7(18) -3.5(13) -7.5(14) 0.6(13) 

C51 13.0(15) 25.2(17) 27.0(18) -4.9(14) -4.6(13) 3.1(13) 

C19 14.7(15) 17.6(15) 29.0(18) -1.9(13) -12.8(14) 2.0(12) 

C73 18.0(15) 18.6(15) 27.6(18) -1.8(13) -9.4(14) -1.7(13) 

C23 15.4(15) 17.4(15) 31.8(19) -2.2(14) -7.1(14) 4.7(12) 

C67 13.1(14) 15.6(15) 30.0(18) -5.7(13) -6.6(13) 5.6(12) 

C62 18.3(15) 17.6(15) 30.9(19) -5.3(14) -8.6(14) 1.6(13) 

C76 16.9(15) 18.7(15) 24.1(17) -3.7(13) -4.2(13) 1.1(12) 

C12 17.7(15) 14.7(14) 25.0(17) -4.3(13) -6.4(13) 5.7(12) 

C58 24.1(17) 17.5(16) 25.2(18) -3.8(13) -5.6(14) 0.4(13) 

C21 20.1(16) 16.7(15) 29.9(19) -3.3(13) -10.8(14) 1.2(13) 

C7 14.0(15) 19.3(16) 30.4(19) -5.3(14) -7.5(14) 4.0(12) 

C65 22.0(16) 22.4(16) 24.8(18) -6.9(14) -7.5(14) 2.5(13) 

C44 24.4(17) 20.8(17) 28.8(19) 4.2(14) -10.5(15) 3.1(14) 

C17 19.3(16) 25.3(17) 27.3(18) -4.6(14) -12.9(14) 3.3(13) 

C48 18.8(16) 22.3(18) 42(2) -12.7(16) -12.0(15) 8.2(14) 

C52 15.2(15) 20.5(16) 27.9(18) 1.1(14) -3.5(13) 1.5(12) 

C55 17.2(15) 17.5(15) 32.0(19) -3.9(14) -5.1(14) 4.3(13) 

C61 18.2(15) 14.9(15) 22.8(17) -4.5(13) -4.6(13) -1.3(12) 

C3 16.0(15) 23.3(16) 24.1(17) -6.3(14) -5.2(13) 0.9(13) 

C69 16.1(15) 17.1(15) 27.4(18) -3.3(13) -6.7(13) 4.2(12) 

C18 20.3(16) 17.1(15) 27.8(18) -5.9(13) -11.3(14) 5.3(13) 

C50 18.1(15) 17.8(15) 28.5(18) -6.4(13) -6.2(14) 5.7(12) 

C89 23.1(17) 34.6(19) 23.4(18) -1.0(15) -3.2(14) -4.7(15) 

C43 29.4(18) 20.9(16) 26.7(19) -1.6(14) -12.0(15) 0.9(14) 

C60 18.1(15) 18.7(16) 27.3(18) -8.1(13) -9.1(14) 1.6(13) 

C64 20.2(16) 18.3(16) 26.9(18) -2.1(13) -5.2(14) 1.3(13) 

C29 14.4(15) 24.8(17) 34(2) -7.9(15) -7.0(14) 3.2(13) 

C95 24.2(17) 22.6(17) 32(2) -8.8(15) -8.7(15) 2.4(14) 

C93 32.4(19) 27.2(18) 31(2) -4.0(15) -14.7(16) 0.6(15) 

C35 28.4(18) 29.2(18) 23.1(18) -5.6(14) -11.2(15) -3.3(15) 

C90 27.2(19) 28.7(18) 22.2(18) 1.2(14) -5.3(15) 0.9(15) 

C46 31(2) 27.6(18) 23.5(19) -1.3(15) -7.5(15) 1.5(15) 

C96 22.2(17) 20.8(18) 42(2) -12.1(16) -11.7(16) 0.2(14) 

C80 25.0(17) 25.2(17) 25.6(18) 0.3(14) -5.0(15) 4.7(14) 

C83 18.8(16) 23.3(17) 37(2) -6.3(15) -13.5(15) 6.6(13) 

C81 31.1(19) 21.5(17) 30(2) -3.9(14) -8.4(16) 5.6(14) 

N1 63(3) 58(2) 35(2) -12.9(18) -8.0(19) -6(2) 

C38 29.6(18) 25.4(17) 26.9(19) -8.1(15) -6.0(15) 5.6(14) 

C32 20.7(16) 25.1(17) 26.6(19) -0.2(14) -2.9(14) 1.6(14) 

C41 24.8(18) 24.2(17) 34(2) -5.0(15) -4.3(15) 4.1(14) 

C30 21.7(17) 25.5(17) 29.7(19) -1.2(15) -3.1(15) 1.8(14) 

C45 29.2(19) 35(2) 28(2) -7.1(16) -10.7(16) 8.2(16) 

C91 28.9(18) 21.3(17) 28.3(19) -3.0(14) -4.6(15) 2.3(14) 

C47 20.3(16) 21.2(16) 32.3(19) -6.6(14) -9.1(15) 6.7(13) 

N7 72(3) 63(3) 37(2) -14.8(19) -16(2) 25(2) 

C86 28.8(18) 26.9(18) 24.8(19) -8.2(14) -8.1(15) 8.7(15) 

C31 29.0(19) 29.3(19) 28(2) -6.8(15) -1.8(16) 5.0(15) 

C36 30.4(19) 39(2) 29(2) -8.3(16) -11.3(16) 3.1(16) 

C42 40(2) 30.6(19) 28(2) -5.3(16) -1.4(17) 2.7(17) 

C39 33(2) 27.5(19) 36(2) -4.3(16) -4.1(17) 1.9(16) 

C84 26.0(18) 32.3(19) 36(2) 0.3(16) -15.7(16) 0.6(15) 

C33 29.5(19) 30.1(19) 28(2) -7.3(15) -5.5(15) 4.3(15) 

C87 36(2) 30.2(19) 26.3(19) -8.6(15) -14.4(16) 7.5(16) 



 LXV 

C82 41(2) 35(2) 33(2) -7.8(17) -12.9(18) 8.5(17) 

C88 41(2) 31.0(19) 32(2) -3.9(16) -14.3(17) 6.8(17) 

C85 34(2) 42(2) 33(2) -7.1(17) -15.6(17) 0.8(17) 

C94 52(2) 32(2) 28(2) -7.3(17) -17.8(19) 10.1(18) 

C37 45(2) 42(2) 48(3) -6.7(19) -27(2) -2.5(19) 

C34 44(2) 53(3) 36(2) -15(2) -0.6(19) 2(2) 

C40 41(2) 41(2) 39(2) -6.2(19) 0.1(19) 5.9(19) 

C77 27(2) 63(3) 32(2) -16(2) -2.4(17) 16.2(19) 

C79 56(3) 47(3) 41(3) -1(2) 10(2) 21(2) 

C78 42(3) 65(3) 65(3) -35(3) -11(2) 13(2) 

 

 
Table ES4 X-ray crystal structure determination detail of 1. Bond Lengths for 1. 
 

Atom Atom Length/Å   Atom Atom Length/Å 

O7 C68 1.385(4)   C22 C23 1.396(4) 

O7 C83 1.449(4)   C22 C21 1.517(4) 

O1 C6 1.385(4)   C63 C62 1.512(4) 

O1 C29 1.455(4)   C63 C64 1.386(5) 

O8 C75 1.374(4)   C57 C56 1.389(4) 

O8 C86 1.437(4)   C57 C58 1.390(5) 

O6 C61 1.372(4)   C71 C72 1.396(4) 

O6 C80 1.440(4)   C56 C55 1.516(4) 

O5 C54 1.384(4)   C56 C61 1.406(4) 

O5 C77 1.436(4)   C2 C3 1.384(5) 

O3 C20 1.383(4)   C16 C15 1.388(5) 

O3 C35 1.441(4)   C16 C17 1.390(5) 

O2 C13 1.379(4)   C24 C23 1.391(4) 

O2 C32 1.441(4)   C24 C47 1.518(4) 

O4 C27 1.386(4)   C74 C73 1.392(4) 

O4 C38 1.430(4)   C74 C76 1.520(4) 

N2 C44 1.145(4)   C15 C20 1.411(4) 

N6 C92 1.142(4)   C20 C19 1.395(4) 

N4 C48 1.144(4)   C92 C91 1.465(5) 

N8 C96 1.140(4)   C72 C73 1.382(4) 

C54 C49 1.403(4)   C72 C95 1.512(4) 

C54 C53 1.406(4)   C51 C52 1.387(4) 

C13 C8 1.398(4)   C51 C50 1.388(5) 

C13 C12 1.399(4)   C51 C89 1.518(5) 

C25 C26 1.385(4)   C19 C21 1.522(4) 

C25 C24 1.389(4)   C19 C18 1.389(5) 

N3 C46 1.145(5)   C67 C69 1.515(4) 

N5 C90 1.144(4)   C62 C60 1.532(4) 

C68 C63 1.396(4)   C58 C91 1.522(5) 

C68 C67 1.394(4)   C65 C64 1.387(4) 

C75 C70 1.393(4)   C65 C93 1.520(5) 

C75 C74 1.404(4)   C44 C43 1.465(5) 

C6 C5 1.397(4)   C17 C18 1.386(4) 

C6 C1 1.400(4)   C17 C45 1.514(5) 

C9 C10 1.392(4)   C48 C47 1.466(5) 

C9 C8 1.392(4)   C61 C60 1.403(4) 

C66 C67 1.397(5)   C3 C41 1.516(5) 

C66 C65 1.389(5)   C89 C90 1.465(5) 

C10 C11 1.388(4)   C29 C30 1.503(5) 

C10 C43 1.524(4)   C95 C96 1.474(5) 

C4 C5 1.377(5)   C93 C94 1.464(5) 



 LXVI 

C4 C3 1.400(4)   C35 C36 1.505(5) 

C5 C7 1.515(4)   C46 C45 1.470(5) 

C49 C76 1.519(4)   C80 C81 1.505(5) 

C49 C50 1.384(5)   C83 C84 1.503(5) 

C70 C71 1.395(4)   C81 C82 1.521(5) 

C70 C69 1.508(4)   N1 C42 1.148(5) 

C26 C27 1.394(4)   C38 C39 1.508(5) 

C26 C28 1.513(4)   C32 C33 1.518(5) 

C53 C52 1.388(5)   C41 C42 1.462(5) 

C53 C55 1.520(4)   C30 C31 1.523(5) 

C14 C15 1.515(4)   N7 C94 1.150(5) 

C14 C12 1.516(4)   C86 C87 1.514(5) 

C1 C2 1.387(5)   C36 C37 1.531(5) 

C1 C28 1.519(4)   C39 C40 1.520(5) 

C8 C7 1.523(4)   C84 C85 1.527(5) 

C59 C58 1.392(4)   C33 C34 1.522(5) 

C59 C60 1.388(5)   C87 C88 1.524(5) 

C11 C12 1.387(4)   C77 C78 1.445(6) 

C22 C27 1.397(4)   C79 C78 1.503(6) 

 
Table ES5 X-ray crystal structure determination detail of 1. Bond Angles for 1. 

 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C68 O7 C83 113.2(2)   O3 C20 C19 118.9(3) 

C6 O1 C29 113.1(2)   C19 C20 C15 120.9(3) 

C75 O8 C86 116.9(2)   N6 C92 C91 179.0(4) 

C61 O6 C80 115.3(2)   C26 C28 C1 109.5(3) 

C54 O5 C77 114.6(3)   C71 C72 C95 119.8(3) 

C20 O3 C35 114.8(2)   C73 C72 C71 119.1(3) 

C13 O2 C32 115.5(2)   C73 C72 C95 121.0(3) 

C27 O4 C38 115.7(2)   C52 C51 C50 119.0(3) 

O5 C54 C49 119.9(3)   C52 C51 C89 121.5(3) 

O5 C54 C53 119.2(3)   C50 C51 C89 119.5(3) 

C49 C54 C53 120.8(3)   C20 C19 C21 122.4(3) 

O2 C13 C8 119.9(3)   C18 C19 C20 118.6(3) 

O2 C13 C12 118.3(3)   C18 C19 C21 119.0(3) 

C8 C13 C12 121.4(3)   C72 C73 C74 121.8(3) 

C26 C25 C24 121.1(3)   C24 C23 C22 121.5(3) 

O7 C68 C63 119.4(3)   C68 C67 C66 118.1(3) 

O7 C68 C67 118.9(3)   C68 C67 C69 121.1(3) 

C67 C68 C63 121.4(3)   C66 C67 C69 120.7(3) 

O8 C75 C70 117.9(3)   C63 C62 C60 109.5(2) 

O8 C75 C74 120.5(3)   C49 C76 C74 109.6(3) 

C70 C75 C74 121.2(3)   C13 C12 C14 119.6(3) 

O1 C6 C5 119.6(3)   C11 C12 C13 118.5(3) 

O1 C6 C1 119.4(3)   C11 C12 C14 121.8(3) 

C5 C6 C1 120.9(3)   C59 C58 C91 120.0(3) 

C8 C9 C10 121.1(3)   C57 C58 C59 119.4(3) 

C65 C66 C67 121.1(3)   C57 C58 C91 120.5(3) 

C9 C10 C43 119.7(3)   C22 C21 C19 109.3(3) 

C11 C10 C9 119.3(3)   C5 C7 C8 109.5(2) 

C11 C10 C43 120.9(3)   C66 C65 C93 121.3(3) 

C5 C4 C3 120.9(3)   C64 C65 C66 119.5(3) 

C6 C5 C7 121.0(3)   C64 C65 C93 119.2(3) 

C4 C5 C6 119.2(3)   N2 C44 C43 179.1(4) 

C4 C5 C7 119.6(3)   C16 C17 C45 121.1(3) 
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C54 C49 C76 122.6(3)   C18 C17 C16 118.7(3) 

C50 C49 C54 118.6(3)   C18 C17 C45 120.2(3) 

C50 C49 C76 118.8(3)   N4 C48 C47 179.1(4) 

C75 C70 C71 118.8(3)   C51 C52 C53 121.5(3) 

C75 C70 C69 119.3(3)   C56 C55 C53 111.5(3) 

C71 C70 C69 121.4(3)   O6 C61 C56 118.0(3) 

C25 C26 C27 118.7(3)   O6 C61 C60 121.1(3) 

C25 C26 C28 121.3(3)   C60 C61 C56 120.5(3) 

C27 C26 C28 119.3(3)   C4 C3 C41 119.5(3) 

C54 C53 C55 121.6(3)   C2 C3 C4 118.9(3) 

C52 C53 C54 118.3(3)   C2 C3 C41 121.6(3) 

C52 C53 C55 120.1(3)   C70 C69 C67 109.2(2) 

C15 C14 C12 111.7(3)   C17 C18 C19 121.7(3) 

C6 C1 C28 120.2(3)   C49 C50 C51 121.5(3) 

C2 C1 C6 118.4(3)   C90 C89 C51 111.7(3) 

C2 C1 C28 121.2(3)   C44 C43 C10 112.9(3) 

C13 C8 C7 120.6(3)   C59 C60 C62 120.7(3) 

C9 C8 C13 118.2(3)   C59 C60 C61 119.0(3) 

C9 C8 C7 120.7(3)   C61 C60 C62 119.7(3) 

C60 C59 C58 120.9(3)   C63 C64 C65 120.9(3) 

C12 C11 C10 121.2(3)   O1 C29 C30 107.7(3) 

C27 C22 C21 120.3(3)   C96 C95 C72 112.7(3) 

C23 C22 C27 117.7(3)   C94 C93 C65 110.5(3) 

C23 C22 C21 121.4(3)   O3 C35 C36 112.8(3) 

C68 C63 C62 121.2(3)   N5 C90 C89 179.1(4) 

C64 C63 C68 118.9(3)   N3 C46 C45 178.4(4) 

C64 C63 C62 119.7(3)   N8 C96 C95 179.4(4) 

C56 C57 C58 121.2(3)   O6 C80 C81 113.4(3) 

C70 C71 C72 120.8(3)   O7 C83 C84 108.4(3) 

C57 C56 C55 121.8(3)   C80 C81 C82 110.8(3) 

C57 C56 C61 118.7(3)   O4 C38 C39 113.4(3) 

C61 C56 C55 119.4(3)   O2 C32 C33 112.8(3) 

O4 C27 C26 118.8(3)   C42 C41 C3 111.2(3) 

O4 C27 C22 119.2(3)   C29 C30 C31 113.8(3) 

C26 C27 C22 121.7(3)   C46 C45 C17 111.9(3) 

C3 C2 C1 121.6(3)   C92 C91 C58 112.8(3) 

C15 C16 C17 121.7(3)   C48 C47 C24 111.9(3) 

C25 C24 C23 119.1(3)   O8 C86 C87 113.1(3) 

C25 C24 C47 120.0(3)   C35 C36 C37 111.2(3) 

C23 C24 C47 120.9(3)   N1 C42 C41 177.6(4) 

C75 C74 C76 120.4(3)   C38 C39 C40 112.2(3) 

C73 C74 C75 118.0(3)   C83 C84 C85 114.1(3) 

C73 C74 C76 121.0(3)   C32 C33 C34 110.3(3) 

C16 C15 C14 119.8(3)   C86 C87 C88 114.7(3) 

C16 C15 C20 118.2(3)   N7 C94 C93 176.3(4) 

C20 C15 C14 121.9(3)   O5 C77 C78 113.3(4) 

O3 C20 C15 120.1(3)   C77 C78 C79 115.5(4) 
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Table ES6 X-ray crystal structure determination detail of 1. Torsion angles for 1. 

 

A B C D Angle/˚   A B C D Angle/˚ 
O7 C68 C63 C62 4.3(4)   C71 C72 C73 C74 4.4(5) 

O7 C68 C63 C64 178.9(3)   C71 C72 C95 C96 -73.5(4) 

O7 C68 C67 C66 -179.4(3)   C56 C57 C58 C59 -2.7(5) 

O7 C68 C67 C69 -2.7(4)   C56 C57 C58 C91 -179.8(3) 

O7 C83 C84 C85 63.4(4)   C56 C61 C60 C59 -5.7(5) 

O1 C6 C5 C4 -179.2(3)   C56 C61 C60 C62 165.6(3) 

O1 C6 C5 C7 -4.8(4)   C27 O4 C38 C39 87.0(3) 

O1 C6 C1 C2 179.7(3)   C27 C26 C28 C1 -71.0(4) 

O1 C6 C1 C28 4.7(4)   C27 C22 C23 C24 -0.3(5) 

O1 C29 C30 C31 -64.9(3)   C27 C22 C21 C19 68.0(4) 

O8 C75 C70 C71 179.6(3)   C2 C1 C28 C26 -45.7(4) 

O8 C75 C70 C69 7.7(4)   C2 C3 C41 C42 -87.8(4) 

O8 C75 C74 C73 -178.6(3)   C16 C15 C20 O3 -178.7(3) 

O8 C75 C74 C76 -7.1(4)   C16 C15 C20 C19 3.8(4) 

O8 C86 C87 C88 77.0(4)   C16 C17 C18 C19 2.9(5) 

O6 C61 C60 C59 -179.1(3)   C16 C17 C45 C46 -124.9(3) 

O6 C61 C60 C62 -7.8(5)   C24 C25 C26 C27 1.7(5) 

O6 C80 C81 C82 178.8(3)   C24 C25 C26 C28 -168.7(3) 

O5 C54 C49 C76 4.4(4)   C74 C75 C70 C71 6.6(5) 

O5 C54 C49 C50 -177.6(3)   C74 C75 C70 C69 -165.3(3) 

O5 C54 C53 C52 177.3(3)   C15 C14 C12 C13 -65.8(4) 

O5 C54 C53 C55 -2.9(4)   C15 C14 C12 C11 110.2(3) 

O5 C77 C78 C79 177.6(4)   C15 C16 C17 C18 -2.7(5) 

O3 C20 C19 C21 -3.1(4)   C15 C16 C17 C45 176.7(3) 

O3 C20 C19 C18 178.9(3)   C15 C20 C19 C21 174.4(3) 

O3 C35 C36 C37 179.2(3)   C15 C20 C19 C18 -3.7(4) 

O2 C13 C8 C9 178.7(3)   C20 O3 C35 C36 84.8(3) 

O2 C13 C8 C7 6.3(4)   C20 C19 C21 C22 -118.8(3) 

O2 C13 C12 C14 -2.1(4)   C20 C19 C18 C17 0.2(4) 

O2 C13 C12 C11 -178.2(3)   C28 C26 C27 O4 -8.1(4) 

O2 C32 C33 C34 179.1(3)   C28 C26 C27 C22 165.1(3) 

O4 C38 C39 C40 174.2(3)   C28 C1 C2 C3 173.7(3) 

C54 O5 C77 C78 126.3(4)   C73 C74 C76 C49 103.0(3) 

C54 C49 C76 C74 116.0(3)   C73 C72 C95 C96 110.4(4) 

C54 C49 C50 C51 -0.2(4)   C23 C22 C27 O4 178.0(3) 

C54 C53 C52 C51 0.8(4)   C23 C22 C27 C26 4.8(5) 

C54 C53 C55 C56 -121.4(3)   C23 C22 C21 C19 -103.3(3) 

C13 O2 C32 C33 87.5(3)   C23 C24 C47 C48 -107.8(4) 

C13 C8 C7 C5 60.0(4)   C67 C68 C63 C62 -170.1(3) 

C25 C26 C27 O4 -178.7(3)   C67 C68 C63 C64 4.4(4) 

C25 C26 C27 C22 -5.5(5)   C67 C66 C65 C64 0.7(5) 

C25 C26 C28 C1 99.4(3)   C67 C66 C65 C93 -179.4(3) 

C25 C24 C23 C22 -3.3(5)   C62 C63 C64 C65 173.4(3) 

C25 C24 C47 C48 75.1(4)   C76 C49 C50 C51 177.9(3) 

C68 O7 C83 C84 175.9(3)   C76 C74 C73 C72 -171.3(3) 

C68 C63 C62 C60 121.3(3)   C12 C13 C8 C9 5.9(5) 

C68 C63 C64 C65 -1.3(5)   C12 C13 C8 C7 -166.5(3) 

C68 C67 C69 C70 -131.0(3)   C12 C14 C15 C16 -56.6(4) 

C75 O8 C86 C87 -91.3(3)   C12 C14 C15 C20 120.6(3) 

C75 C70 C71 C72 -1.9(5)   C58 C59 C60 C62 -169.1(3) 

C75 C70 C69 C67 72.1(4)   C58 C59 C60 C61 2.1(5) 

C75 C74 C73 C72 0.1(5)   C58 C57 C56 C55 175.9(3) 
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C75 C74 C76 C49 -68.2(4)   C58 C57 C56 C61 -0.8(5) 

C6 O1 C29 C30 -176.8(2)   C21 C22 C27 O4 6.4(4) 

C6 C5 C7 C8 -121.7(3)   C21 C22 C27 C26 -166.8(3) 

C6 C1 C2 C3 -1.2(5)   C21 C22 C23 C24 171.2(3) 

C6 C1 C28 C26 129.2(3)   C21 C19 C18 C17 -177.9(3) 

C9 C10 C11 C12 2.4(5)   C65 C66 C67 C68 2.3(5) 

C9 C10 C43 C44 -121.0(3)   C65 C66 C67 C69 -174.5(3) 

C9 C8 C7 C5 -112.2(3)   C17 C16 C15 C14 176.7(3) 

C66 C67 C69 C70 45.6(4)   C17 C16 C15 C20 -0.6(4) 

C66 C65 C64 C63 -1.3(5)   C52 C53 C55 C56 58.4(4) 

C66 C65 C93 C94 87.7(4)   C52 C51 C50 C49 -3.7(5) 

C10 C9 C8 C13 -2.3(5)   C52 C51 C89 C90 128.1(3) 

C10 C9 C8 C7 170.1(3)   C55 C53 C52 C51 -179.0(3) 

C10 C11 C12 C13 1.1(5)   C55 C56 C61 O6 1.9(4) 

C10 C11 C12 C14 -175.0(3)   C55 C56 C61 C60 -171.7(3) 

C4 C5 C7 C8 52.7(4)   C61 O6 C80 C81 -84.9(3) 

C4 C3 C41 C42 93.2(4)   C61 C56 C55 C53 67.4(4) 

C5 C6 C1 C2 3.6(4)   C3 C4 C5 C6 0.1(5) 

C5 C6 C1 C28 -171.4(3)   C3 C4 C5 C7 -174.4(3) 

C5 C4 C3 C2 2.2(5)   C69 C70 C71 C72 169.9(3) 

C5 C4 C3 C41 -178.7(3)   C18 C19 C21 C22 59.2(4) 

C49 C54 C53 C52 -4.8(4)   C18 C17 C45 C46 54.6(4) 

C49 C54 C53 C55 175.0(3)   C50 C49 C76 C74 -61.9(4) 

C70 C75 C74 C73 -5.7(5)   C50 C51 C52 C53 3.4(5) 

C70 C75 C74 C76 165.7(3)   C50 C51 C89 C90 -51.4(4) 

C70 C71 C72 C73 -3.5(5)   C89 C51 C52 C53 -176.1(3) 

C70 C71 C72 C95 -179.7(3)   C89 C51 C50 C49 175.7(3) 

C26 C25 C24 C23 2.6(5)   C43 C10 C11 C12 178.8(3) 

C26 C25 C24 C47 179.7(3)   C60 C59 C58 C57 2.0(5) 

C53 C54 C49 C76 -173.5(3)   C60 C59 C58 C91 179.1(3) 

C53 C54 C49 C50 4.5(4)   C64 C63 C62 C60 -53.2(4) 

C14 C15 C20 O3 4.1(4)   C64 C65 C93 C94 -92.4(4) 

C14 C15 C20 C19 -173.4(3)   C29 O1 C6 C5 -94.3(3) 

C1 C6 C5 C4 -3.0(4)   C29 O1 C6 C1 89.5(3) 

C1 C6 C5 C7 171.4(3)   C95 C72 C73 C74 -179.5(3) 

C1 C2 C3 C4 -1.6(5)   C93 C65 C64 C63 178.9(3) 

C1 C2 C3 C41 179.3(3)   C35 O3 C20 C15 77.5(3) 

C8 C13 C12 C14 170.9(3)   C35 O3 C20 C19 -105.0(3) 

C8 C13 C12 C11 -5.3(5)   C80 O6 C61 C56 113.2(3) 

C8 C9 C10 C11 -1.7(5)   C80 O6 C61 C60 -73.2(4) 

C8 C9 C10 C43 -178.2(3)   C83 O7 C68 C63 95.3(3) 

C59 C58 C91 C92 118.5(3)   C83 O7 C68 C67 -90.1(3) 

C11 C10 C43 C44 62.6(4)   C38 O4 C27 C26 -106.5(3) 

C63 C68 C67 C66 -4.9(4)   C38 O4 C27 C22 80.2(4) 

C63 C68 C67 C69 171.8(3)   C32 O2 C13 C8 75.0(4) 

C63 C62 C60 C59 111.5(3)   C32 O2 C13 C12 -112.0(3) 

C63 C62 C60 C61 -59.6(4)   C45 C17 C18 C19 -176.5(3) 

C57 C56 C55 C53 -109.2(3)   C47 C24 C23 C22 179.6(3) 

C57 C56 C61 O6 178.7(3)   C86 O8 C75 C70 114.3(3) 

C57 C56 C61 C60 5.0(5)   C86 O8 C75 C74 -72.6(4) 

C57 C58 C91 C92 -64.5(4)   C77 O5 C54 C49 81.0(4) 

C71 C70 C69 C67 -99.6(3)   C77 O5 C54 C53 -101.1(3) 
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Table ES7 X-ray crystal structure determination detail of 1. Hydrogen atom 

coordinates (Å×104) and isotropic displacement parameters (Å2×103) for 1. 
 

Atom x y z U(eq) 
H25 6284 11885 2809 26 

H9 7515 5589 4012 24 

H66 -362 5172 3722 26 

H4 6742 7537 4272 25 

H14A 5195 6315 2107 26 

H14B 4439 5766 2742 26 

H59 -1870 592 4027 26 

H11 5046 4899 3624 25 

H57 859 -74 3691 27 

H71 155 6873 2865 24 

H2 6221 10178 3693 26 

H16 4082 6749 3824 26 

H28A 7645 10969 2518 25 

H28B 7670 10286 1957 25 

H73 2866 6170 2555 25 

H23 3801 11174 2455 26 

H62A -1801 2257 2675 26 

H62B -2356 1969 3466 26 

H76A 2846 4465 1538 24 

H76B 3429 4854 2027 24 

H21A 4533 9453 1455 26 

H21B 3615 9839 1925 26 

H7A 8364 6964 3465 25 

H7B 8344 7253 2669 25 

H52 1702 1753 3893 26 

H55A 1715 1335 2165 27 

H55B 2047 779 2804 27 

H69A -621 5285 1969 24 

H69B -987 5963 2529 24 

H18 3565 9391 3276 25 

H50 2626 4382 3356 25 

H89A 1709 3553 4667 33 

H89B 2079 2534 4758 33 

H43A 6677 4330 4702 30 

H43B 5562 4402 4831 30 

H64 -1306 2547 4305 26 

H29A 9530 8731 2558 29 

H29B 9264 9772 2355 29 

H95A 1299 7458 3518 31 

H95B 2394 7403 3169 31 

H93A -452 3232 5003 35 

H93B -29 4258 4773 35 

H35A 3906 6857 1610 31 

H35B 4639 7088 876 31 

H80A -194 2852 1481 31 

H80B -765 1924 1848 31 

H83A -2472 4784 2334 30 

H83B -2886 3750 2524 30 

H81A 589 1083 1461 33 

H81B 1147 2016 1083 33 

H38A 5967 9920 840 32 
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H38B 6424 8937 870 32 

H32A 7852 6902 1819 30 

H32B 7559 7865 1475 30 

H41A 5173 9271 4724 33 

H41B 5430 8241 4959 33 

H30A 10511 9431 1485 32 

H30B 9605 9551 1172 32 

H45A 3234 7556 4692 36 

H45B 3637 8587 4581 36 

H91A -446 -598 4865 32 

H91B -1479 -655 4738 32 

H47A 3850 12403 3093 29 

H47B 4722 12490 3435 29 

H86A 1442 3897 939 31 

H86B 1914 4881 914 31 

H31A 10444 8265 814 44 

H31B 9414 7950 1265 44 

H31C 10296 7814 1605 44 

H36A 3898 8488 669 38 

H36B 3158 8244 1400 38 

H39A 7878 9661 887 40 

H39B 7406 10631 782 40 

H84A -2016 4587 1152 37 

H84B -3127 4455 1444 37 

H33A 6430 7099 1051 35 

H33B 6740 6136 1387 35 

H87A 8 4700 849 35 

H87B 835 4781 162 35 

H82A 574 1272 281 53 

H82B 107 2246 344 53 

H82C -477 1331 730 53 

H88A 218 6222 269 50 

H88B 1263 6257 377 50 

H88C 385 6176 1032 50 

H85A -2565 3312 754 52 

H85B -2986 2844 1534 52 

H85C -1874 2978 1240 52 

H37A 3329 7168 292 63 

H37B 2517 7881 475 63 

H37C 2557 6983 1011 63 

H34A 7504 6428 197 68 

H34B 8267 6389 652 68 

H34C 7965 7355 319 68 

H40A 8272 10319 -294 63 

H40B 7184 10303 -302 63 

H40C 7710 9363 -199 63 

H77A 3745 2621 1608 49 

H77B 3555 3232 937 49 

H79A 4537 2216 116 78 

H79B 4351 1136 331 78 

H79C 4814 1712 794 78 

H78A 2957 1944 626 66 

H78B 3193 1343 1284 66 
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Table ES8 X-ray crystal structure determination detail of 1. Solvent masks 

information for 1. 

 

Number X Y Z Volume Electron 

count 

Content 

1 0.500 0.500 0.000 180.6 43.0 - 
 

 

Table ES9 Characteristic values of the surface pressure-area compression isotherm of 

1. 

 

 

 

 

 
Figure ES3 Interfacial properties of the monolayer of 1 in the presence of transition 

metal ions in the subphase. (I) Surface pressure-area compression isotherms of 1 on 

a 10 µM NiCl2 (black), CrCl3 (green), CuCl2 (blue) and pure water (red). 10 µM 

concentration of the salt solutions was chosen based on our recent results on the 

formation of metal-organic coordination network of calix[4]arene [9]. The isotherms 

show no difference in the take-off values of the monolayer of 1 in the presence of ions. 

(II), BAM images of the monolayer of 1 formed at the interface of a 10 µM (a) NiCl2, 
(b) CrCl3, (c) CuCl2 and (d) pure water at π: 20 mN m-1 were shown.  

Sample 
A0 

(Å2 molecule-1) 

Alim 

(Å2 molecule-1) 

Ac 

(Å2 molecule-1) 

πc 

(mN m-1) 

Monolayer on 

pure water 

 

103 

 

90 

 

 

80 

 

28 
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Figure ES4 Interfacial properties of the monolayer of 1 in the presence of ACN 

molecules as competitors with the CN functional groups of 1 for dipole-dipole 

interactions. Surface pressure-area compression isotherms of 1 on 0.01 and 10 mM 

CH3CN solutions, compared to pure water subphase.  

 
Table ES10 Contact Angle Measurements on the Monolayer of 1 transferred from the 

air-water interface onto HOPG. HOPG was considered as reference sample. 

 

 

 

Sample Contact Angle (°) 

HOPG (reference sample) 98.8 ± 6 

Monolayer of 1 transferred from pure water onto HOPG 80 ± 5 
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Figure ES5 Surface analysis of the monolayer of 1 in the presence of transition metal 

ions in the subphase. XP spectra of the monolayer of 1 transferred onto HOPG by the 

LS method for C1s, N1s and O1s peaks from a 10 µM (a) NiCl2, (b) CuCl2 and (c) 

CrCl3. Nitrogen XP spectra of the monolayer of 1 show one peak at 399.7 eV that is 

the characteristic feature of N in the CN functional group [14]. (d) There is no change 

in the N1s spectra of the transferred layer from different aqueous solutions onto 

HOPG. The absence of ions i.e. Ni2+, Cu2+ and Cr3+ in the transferred layer confirms 

that the building units of 1 have a high tendency to interact with one another rather 

than metallic ions. Indeed, introducing the ions in the subphase cannot disturb the 

self-assembled network of 1 through dipole-dipole interaction. 

 

 

 
Figure ES7 Diffraction analysis of the free-standing monolayer of 1 by means of high-

resolution cryo-TEM. (a) Zoomed image of the TEM electron diffraction pattern of the 

free-standing monolayer of 1. The diffraction pattern confirms the square packing 

structure of the crystalline layer. (b &c) The profile lines across the diffraction 

pattern, showing a unit cell size of ~15 Å.  
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Figure ES6 AFM height analysis of the transferred monolayer of 1 from pure water 

subphase onto HOPG by the LS method. Height analysis of the monolayer of 1 was 

carried out in intentionally scratched layer (line profiles of 1 and 2) and on partially 

covered HOPG by the monolayer of 1 (line profiles of 3 and 4). The lines in the AFM 

images indicate where the height profiles were recorded. The AFM results confirmed 

the presence of a monomolecular layer of 1 with a height of 1.0 ± 0.4 nm. The 

measured height using AFM images is in a good agreement with the expected height 

of 1, derived from its crystalline structure (1.1 nm) (I). The deviation from 1.1 nm 

could originate from the ambient-condition AFM experiments [6] and also partially 

rearrangement of molecules because of water evaporation. 


