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ABSTRACT: Amorphous ice is commonly used as a noncrystalline matrix for protecting sensitive
biological samples in cryogenic electron microscopy (cryo-EM). The amorphization process of water is
complex, and at least two amorphous states of different densities are known to exist, high- and low- |
density amorphous ices (HDA and LDA). These forms are considered to be the counterparts of two
distinct liquid states, namely, high- and low-density liquid water. Herein, we investigate the HDA to
LDA transition using electron diffraction and cryo-EM. The observed phase transition is induced by the
impact of electrons, and we discuss two different mechanisms, namely, local heating and beam-induced
motion of water molecules. The temperature increase is estimated by comparison with X-ray scattering
experiments on identically prepared samples. Our results suggest that HDA, under the conditions used

HDA LDA

in our cryo-EM measurements, is locally heated above its glass-transition temperature.

B INTRODUCTION

Cryogenic electron microscopy (cryo-EM) is a modern and
well-established method in structural biology. One of the most
important breakthroughs of cryo-EM was the ability to vitrify
liquid water."”” This can be achieved by jet-freezin%l plunge-
freezing,2 or vitrification inside a vacaum chamber.” Neutron-
and X-ray diffraction experiments investigated the structure of
these hyperquenched glassy water (HGW) samples as well as
the vapor-deposited ice (amorphous solid water, ASW),
showing that both belong to the family of so-called low-
density amorphous ice (LDA) and are almost identical.* LDAs
have a density’ of 0.94 g/cm® and appear as amorphous in
neutron- and X-ray diffraction measurements with a first sharp
diffraction peak (FSDP) around Q = 1.7 A™". The amorphous
ice formed on EM grids after plunge-freezing shows a smooth
ring in the electron diffraction (ED) pattern at the same Q-
position (given d = 27/Q = 3.7 A).°™® According to the
position of the FSDP, plunge-frozen vitrified water is identical
to LDA’ and ASW.° The recent pair distribution function
calculations sug%est small differences between plunge-frozen
water and LDA."

A distinct denser form of amorphous ice can be prepared by
compression of hexagonal ice at low temperatures. ' High-
density amorphous ice (HDA) exists in various substates,” with
the two extreme cases being very high-density amorphous ice
(VHDA) and expanded HDA (eHDA)."” The amorphous ices
are suggested to undergo a glass—liquid transition to its
corresponding liquid states of water, high- and low-density
liquids (HDL and LDL, respectively).”>™' Previously, a
calorimetric glass transition was detected in HDA at 116 K/
and in LDA at 136 K.'® Some experimental studies support the
finding of the glass—liquid transition,'”~*" while others doubt
the relationship of amorphous ice and liquid water.”””**
Computer simulations using different water models have
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suggested different thermodynamic scenarios over the last few
decades.”>~*” However, recent results show that different water
models also converge to the same picture of two liquid states of
water and the existence of a liquid—liquid critical point
(LLCP).***® Experimentally, the solid-state HDA and LDA
can be reversibly converted into each other by compression—
decompression.””* The temperature-induced transition at
ambient pressure is irreversible;”'"”*! X-ray diffraction studies
showed that eHDA transforms to HDL and finally to LDL in a
diffusive manner at around 140 K,*' being consistent with the
LLCP model.”**® Other experimental studies also report on an
HDA-like state formed by vapor deposition at 10 K** and by
irradiation of plunge-frozen amorphous ice with an electron
beam using transmission electron microscopy (TEM) at T <
30 K.** This ice is slightly less compact compared to HDA
formed at high pressures.

Electron beam-induced movement of vitrified specimens and
translational motion of single particles within the amorphous
ice matrix or even the motion of the ice itself has been
discussed widely in the EM literature.”**™>> The random
motion of particles embedded in vitrified water is one of the
challenges in cryo-EM,™ as it leads to blurring of the image
and reduces the contrast, in particular, for small objects.” A
major source of motion has been connected to radiolysis and
the electrostatic charging of the amorphous ice and the carbon
support film on the grid itself.”® Some additional motion,
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however, is related to beam-induced changes in the ice
layer.34’35 Understanding the origin of this motion is important
to find possible ways to avoid this effect and to learn about the
nature of vitrified water itself.

B METHODS

While amorphous ice in EM studies is typically made by
plunge-freezing, the present study instead focuses on ED of the
high-pressure forms eHDA and VHDA as starting materials.
The amorphous ice samples are made ex situ by pressure-
induced amorphization using a piston cylinder setup, as
described earlier;”"" details can be found in the Supporting
Information. The amorphous ice samples are ground to a fine
powder inside a bath of liquid nitrogen. A few fragments of the
crushed ice are collected by dipping a TEM grid
(QUANTIFOIL R2/1, Cu, 300 mesh) into the ice powder.
Using this procedure gives a unique opportunity to handle
samples that cannot be mounted onto an EM grid in the
conventional way. The grid was transferred onto a cryo-
transfer tomography holder (Gatan type-914) and inserted
into a JEOL 2010 TEM with the LaBy filament. ED
experiments were performed under a parallel electron
illumination with an acceleration voltage of 200 kV. We used
an electron beam of 6 ym in diameter with an estimated dose
rate of 0.1 e~ s™' A™% ED patterns were collected continuously
using an ultrafast hybrid pixel detector (Timepix, Amsterdam
Scientific Instruments, 8 ms dead time, S12 X 512 pixels).
TEM images were collected using a side-entry Gatan Orius
SC200 detector.

B RESULTS

Figure 1 (upper row) shows the TEM bright-field images of
amorphous ice cold-loaded under liquid nitrogen on a cryo-
transfer holder. Our sample preparation method does not
provide us with a homogenous ice film but rather with many
fragments of amorphous ice on top of a Cu grid. This way
small crystalline ice flakes also get onto the grid during the
loading procedure, as visible by the hexagonal shape of the

Figure 1. TEM bright-field images with high magnification (upper
row) and diffraction patterns (lower row) of hexagonal ice (a, d) and
the amorphous ices VHDA (b, e) and LDA (¢, f), formed after
transition. Images are taken as representative examples. The ice
samples were prepared following a well-established protocol and
afterward ground to a fine powder inside a bath of liquid nitrogen. A
few fragments of the crushed ice were collected by dipping a TEM
grid (QUANTIFOIL R2/1, Cu, 300 mesh) in the ice powder.
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centered flake in Figure la. The corresponding diffraction
pattern (bottom row, 1d) shows Bragg reflections of hexagonal
ice. Amorphous ice fragments are instead larger without sharp
edges (Figure 1b,c). We estimate the flakes to be on the order
of S0—500 nm thickness, while they appear black (non-
transparent) in the case of a larger thickness. Diffraction
patterns taken from thin flakes show the characteristic smooth
rings for amorphous ice. Figure le shows a VHDA sample,
which can be transformed into LDA (1f), as seen by the
change in the inner diffraction ring, and discussed in detail
below.

Figure 2 shows diffraction measurements of a VHDA sample
taken at around 98 K. In total, 199 diffraction patterns were
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Figure 2. ED, the dose rate is 0.1 e~ s™' A% The VHDA sample is
measured at 98 K; a series of 199 images are obtained with an
exposure time of 0.2 s/frame. The angular integrated data (a) are
fitted (b, bottom panel) and further analyzed by integration of the
FSDP (c). Top panel in (b) shows X-ray diffraction data, reproduced
from refs 21 and 36.

taken at the same spot (size of the selected area aperture: 2 ym
in diameter) using an exposure time of 0.2 s/pattern. Figure 2a
shows the result obtained by integrating the diffuse diffraction
rings (Figure le,f), a beam-induced transformation that takes
place over time. Figure 2b (lower panel) shows the integrated
intensity for four selected time frames including a fit obtained
by Bayesian inference (Supporting Information). For compar-
ison, I(Q) measured by X-ray scattering®® is plotted on top of
Figure 2b. The first ED diffraction pattern (frame 0, blue)
shows two rings positioned at distances d, = 2.95 A and d, =
2.17 A. The last diffraction pattern (frame 199, red) shows the
first ring to be shifted to d, = 3.73 A. The position of the latter
is consistent with the other ED patterns in the literature taken
from plunge-frozen amorphous ice,” thus the sample trans-
formed to LDA. When converted to momentum transfer Q, the
position of the FSDP is QY"P* = 2.13 A~ and Q{™* = 1.69
A~'. This value obtained for LDA is consistent with the X-ray
scattering data.”® The position of the VHDA maximum instead
differs from the literature. From X-ray scattering, we would
expect the Q-position in VHDA to be around QY""* = 2.3 A~".
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The sample-transfer process into the electron microscope,
however, is much more difficult, and we cannot exclude partial
transformation during the sample mounting. Calculating the
ratio Ajp,e/ Ay Of the area under the peak of one phase, we can
monitor the phase transformation (Figure 2c).

Considering the exposure time, acquisition time, and dead
time of the detector, the transition is found to take place at
around 20 s. After the transformation to LDA, we continued
the measurement for another 70 s (not shown here) and could
not detect any further changes or any sign for crystallization.
Figure 3 shows ED measurements of an eHDA sample. In

d/A
6.0 40 30

2.4

2.0

0

8 b —— HDA
5 — LDA
° 50 8
£ 3
g = —XRD from Mariedahl et al. (2018)
100
150

12 16 20 2.4 2.8 3.2 36
QA1

Aphase/Atot

I/arb. units

. 0751
< frame 0
g 0.50 11 s/frame frame 46
< 0254 — frame 93
—— frame 140
0.00 A r r r r r r r r
0 2 4 6 1.5 2.0 2.5 3.0 35
dose/e *A~? QA-!

Figure 3. ED, the dose rate is 0.1 e~ s™' A™% The eHDA sample is

measured at 98 K; a series of 140 images are obtained with an
exposure time of 0.5 s/frame. The angular integrated data (a) are
fitted (b, bottom panel) and further analyzed by integration of the
FSDP (c). (c-bottom) Additional measurement with 62 images with
an exposure of 1 s/frame. Top panel in (b) shows X-ray diffraction
data, reproduced from refs 21 and 36.

total, 140 diffraction patterns were taken at the same spot, with
an exposure time of 0.5 s. The angular integrated data are
shown in Figure 3a,b, and similar to the VHDA sample show a
beam-induced transformation from eHDA to LDA. The first
diffraction pattern (frame 0, black curve) shows two rings
positioned at distances d; = 3.16 A and d, = 2.11 A,
corresponding to momentum transfers of Q{F°4 = 1.99 A~!
and Q$HPA = 2.97 A~L. The last diffraction pattern (frame 140,
red curve) shows the first ring at d; = 3.77 A (Q["* = 1.67
A7!). The obtained values are consistent with X-ray’® and
neutron diffraction studies.'” Figure 3c shows the trans-
formation taking place after being exposed to 3 e”/A? hence
~60 images were then taken with an exposure time of 0.5 s. In
a second, independent measurement (Figure 3c bottom), we
choose an exposure time of 1 s and observed the transition
after 30 images instead. The ED results are summarized in
Table 1. Parameters derived from ED are obtained using a
Bayesian model to fit I(Q) (see the Supporting Information).

Additionally, we tested if the beam-induced transformation
is locally confined by taking a series of diffraction patterns at
two different spots, separated by 6 ym, using a selective area
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Table 1. Values for the First and Second Diffraction Rings
of Amorphous Ices, As Measured by ED and X-Ray
Diffraction (Ref 36) of Similarly Made Samples”

d 2m/d (XQJ ) d (XQ2 )
N T T (0 < O I S S
VHDA 2.95 2.13 2.30 217 290 3.05
eHDA 3.16 1.99 2.10 211 297 3.05
LDAVHDPA 3.73 1.69 1.70 219 287 3.05
LDA®HDPA 3.77 1.67 1.70 214 293 3.05
HGWpype 9y 376 2.18

“Because of experimental errors and geometrical reasons (see the
Supporting Information), the values have an error in Q of +0.04 A™!
around Q, and +0.08 A™" around Q,. The X-ray values instead have a
much smaller error (<0.01 A™').

aperture size of 2 ym in diameter (Figure 4a, red circles). After
monitoring the HDA to LDA transition in the first spot, we

I/arb. units

Figure 4. TEM bright-field images and the corresponding ED data.
(a) Three different locations investigated on an eHDA sample using a
selective area aperture size of 2 ym (red circles). The blue dashed
circle indicates the full area of illumination (6 ym) while measuring
spot 1. (b) Diffraction pattern of initial (blue) and final (orange)
states at the three spots. Images (c—h) show active heating of the
sample holder during a separated experiment. The actual temperature
at the tip of the holder is unknown, thus an offset to the given
temperature cannot be excluded.

could identify HDA as the initial state in the second spot and
monitored the transition in these locations, as described above.
Figure 4b shows the corresponding initial (blue) and final
(orange) states. This indicates that the thermal conductivity of
eHDA is small enough to confine the beam-induced trans-
formation within the illuminated area. As reference, a third
spot was taken within the previously irradiated area (big blue
circle), confirming that the LDA formation had already taken
place during the first illumination. In order to investigate
crystallization of the sample, we raised the base temperature of
the sample holder further (Figure 4c—h). At 136 K, small
nanometer-sized crystallites appear in the image as well as few

https://dx.doi.org/10.1021/acs.jpcb.0c08232
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Bragg peaks in the diffraction pattern (Figure 4c,f) on top of
the amorphous ice. The small crystallites are visible both on
the carbon-coated grid, at the edges of larger ice chunks, and
within the almost transparent piece of ice, located in the center
of Figure 4c. It seems that these nanocrystallites form within or
on top of the amorphous ice. We assume that a very thin
additional layer of water was formed during the sample transfer
by vapor deposition of water that started to crystallize at 136
K. Crystallization kinetics of thin amorphous ice films®’ and
thickness-dependent growth rates are discussed in the
literature.”® Here, the small crystallites grow in size when the
base temperature of the sample holder is further raised to 160
K (Figure 4d). At this temperature, the thicker amorphous ice
fragments also start to crystallize, as seen in both the image
(4d) and the corresponding diffraction pattern (4g). The ice
starts disappearing at a base temperature of 168 K due to
partial evaporation, visible by a reduced size of the thin ice
chunk (Figure 4e). Ice formation on top of the carbon coating

has been reported earlier as so-called “leopard skin ice”.”’

B DISCUSSION

In the present study, we investigate the high- to low-density
transition starting from VHDA and eHDA using a cryo-EM
setup. We observe a beam-induced rapid structural trans-
formation to LDA after an accumulated dose of 2—3 e /A2,
while the sample holder was kept at 98 K. This phase transition
is clearly driven by the electron interaction and can be
explained by a combination of different effects of radiation
damage.”® Amorphous ices are metastable states, and the
transition at 1 bar is driven by the difference in Gibbs free
energy. In most experimental studies on amorphous ice, the
phase transition is induced by active heating.’"*' In the
following, we will discuss two possible mechanisms: (1) beam-
induced local heating due to inelastic scattering and (2) beam-
induced transition due to bond reorientation by direct electron
interaction.

Calorimetry,”" X-ray,*' and neutron scattering'” show that
eHDA transforms upon heatin% above 127 K.*' VHDA is
thermally less stable than eHDA”' and transforms around 117
K. This is reflected in our ED results, as VHDA starts to
transform at a lower dose compared to eHDA. A primary ED
study, using active heating of the sample holder, was reported
earlier using unannealed HDA (uHDA) as the starting
material,” which is today known to be thermally distinctly
less stable compared to VHDA and eHDA.*>' The reported
value” for the first diffraction ring in uHDA is observed at a
distance d; = 3.65 A, which is located more toward the position
of LDA and not consistent with X-ray data. Assuming the
phase transition observed in our current study is driven by
local heating, the heating would be caused by inelastic
scattering that leads to plasmon and phonon excitation.
Comparing the current ED results with the literature, we
estimate a maximal increase in temperature to around 117 K
after an accumulated dose of 2 e™/A? in the case of VHDA and
to at least 127 K at 3 e~ /A? for eHDA. This would correspond
to a temperature increase of AT = 37 K, although the
comparison can only give a rough estimate for the temperature
rise. The exothermic transition continues to the low-density
state.'” We did not observe crystallization in our ED
measurements up to an accumulated dose of 7 e /A% A
general saturation of beam-induced effects at increasing dose
rates is also discussed in the literature.** Egerton et al®
calculated the electron beam-induced heating effect on carbon
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for low-current densities from the inelastic scattering cross
section, showing a temperature rise of <1.5 K. Heat
simulations®’ predicted that heating amorphous ice (LDA)
by the electron beam only takes place at “very large dose rates
(50 e7/A% s) combined with a poor thermal contact between
the grid and the cryo-holder”.*’
simulations predict a temperature increase of only 3 K for a
flux of 5 e”/A? s, however, assuming a thermal conductivity of
1.1 W/m K (LDA). The thermal conductivity k for bulk HDA
is ~0.6 W/m K and is demonstrated to be significantly lower
compared to LDA or hexagonal ice,** as well as to carbon.*’
Possible grain boundaries within the ice flakes could lead to
further decrease of the thermal conductivity, a phenomenon
also observed in other materials. For example, the thermal
conductivity for porous ASW was determined to be several
orders of magnitude lower compared to LDA.***> The low
thermal conductivity of HDA combined with the exothermic
character of the phase transition, as well as potentially low
thermal contact of the ice flakes to the grid and/or the grid to
the sample holder (see the Supporting Information), could
give rise to a sufficient temperature increase in our experi-
ments. A temperature increase above 115 K will lead to a glass
transition in HDA."”*!

A second possible scenario describes the observed transition
to be induced directly by bond-reorientation through electron
interaction or radiolysis. The motion of water molecules in
vitrified amorphous ice has been reported in other EM
studies.”***>* Some measurements’ showed that water
molecules move ~1 A [root mean square (rms) distance] for
each e”/A% leading to a pseudo-Brownian motion of
embedded particles. The same mechanism that leads to this
motion of water molecules may also drive the metastable HDA
into the more stable state LDA. LDA is a nonequilibrium state
itself, and one might assume that the process continues until
the equilibrium crystalline state is reached. The lack of
crystallization after doubling the dose indicates the limitation
of this process at the given flux. Active heating of the stage as
shown in Figure 4 leads to direct crystallization of the whole
sample. How does the observed motion” compare to the
diffusive behavior of ultraviscous water? Measurements using

For medium dose rates, the

X-ray photon correlation spectroscopy recently revealed that
the observed transition happens in a diffusive manner by
determining the diffusion coefficients during the eHDA-—
HDL~-LDL transition.”' This study”' determined the diffusion
coefficient for HDL at 115 K to be D = 0.8 nm?/s, which leads
to a rms distance of ~2 nm/s. Assuming a dose rate of 1 e /A2
s, there is a discrepancy of around 1 order of magnitude
between the thermally induced motion and the beam-induced
Brownian motion.

To summarize, under the conditions used in this cryo-EM
study, the observed high- to low-density transition can be
explained by two mechanisms: (1) local heating due to low
thermal conductivity of HDA, the exothermic character of the
observed transition as well as limitations of the new sample
preparation method and (2) pseudo-Brownian motion of water
molecules due to bond reorientation induced by the electron
beam. We conclude that the combination of both processes
causes the sample to undergo a first-order like phase transition
through a glass transition.

https://dx.doi.org/10.1021/acs.jpcb.0c08232
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