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ABSTRACT: Use of electron-based microscopy in aqueous media has been
held back because aqueous samples tend to suffer from water radiolysis and
other chemical degradation caused by the high energy of incident electrons.
Here we show that aqueous liquid pockets in graphene liquid cells at room
temperature display significantly improved stability when using deuterated
water, D2O. Reporting transmission electron microscopy (TEM) experiments
based on common imaging conditions, we conclude that use of D2O
outperforms adding radical scavengers to H2O regardless of imaging details; it increases the lifetime of dissolved
organic macromolecules by a factor of 2−5, and it delays by even longer the appearance of radiolysis-induced bubbles, by
a factor of time up to 10. We quantify statistically the consequences of minimizing the electron voltage and dose and
conclude that the D2O environment increases sample longevity without noticeable sacrifice of contrast that is critical for
direct imaging of weakly scattering organic macromolecules and biomolecules.
KEYWORDS: liquid-phase TEM, isotope effect, single molecule, beam damage, heavy water, radical scavengers

Ironically, electron microscopy offers superb single-
molecule resolution yet is scarcely used to visualize
molecules except in dry or frozen states. It is promising

that nanoparticles,1,2 micelles,3 and even organic macro-
molecules4 can be imaged in real time in liquid media, giving
direct information about dynamical rearrangements of shape
and structure with better understanding of materials synthesis,
electrochemistry, catalysis, and nanoparticle assembly,5,6 but a
severe limitation is damage caused by the incident electrons.7

Here we are concerned with transmission electron microscopy
(TEM).
There are two major impediments to overcoming the

difficulties. One is electrical charging from the incident
electrons. This can be alleviated by encapsulating pockets of
water or aqueous suspension between graphene sheets, which
short-circuits charging because graphene is conductive, and
enhances signal-to-noise because the graphene sheets and the
sample itself are so thin.2,4,8−10 We consider here the second
major impediment, which is chemical degradation caused by
the high energy of incident electrons.5,11 The critical role of the
liquid medium itself in influencing radiolysis chemistry became
apparent from systematic comparison of times to produce
radiolysis-induced bubbles as well as times before visible
degradation of single polymer molecules. Experiments were
performed across commonly used imaging conditions. Varying
the electron acceleration voltage and the electron dosage, our
findings are shown to be general. Importantly, in contrast to
the common approach of reducing the electron energy, we

show quantitatively that tuning the liquid medium, either by
adding radical scavengers or even more effectively by using
deuterated water, prolongs sample lifetimes without sacrificing
contrast that is critical for direct imaging of weak electron-
scattering organic molecules in aqueous media.

RESULTS

Liquid Pocket Geometry. We adopt the graphene liquid
pocket concept introduced by Alivisatos and co-workers to
study nanoparticles in liquid environments (Figure 1A).2 Our
modified method of assembly4 produces pockets typically
rectangular or triangular in cross-section (Figure 1B) with
thickness 70−130 nm across the width, estimated by EELS
(electron-energy-loss spectroscopy) (Figure S1), consistent
with the range 100−300 nm reported by others previously12

regardless of whether D2O or H2O was used (Figure S2). In
this community, it is well-known and a subject of much
concern that energy injected by electrons promotes water
radiolysis that eventually triggers the formation of gas bubbles
by radical reactions (Figure 1C).11,13 All the data in this paper
refer to aqueous pockets that were free of gas bubble when the
imaging began. Of particular significance is that our
experimental parameters included the acceleration voltage 80
keV, which is below the 86 keV threshold above which
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electrons can damage graphene by “knock-on” displace-
ment.14,15

Contrast stems from the scattering of electrons as they pass
through the pocket. For example, as gas bubbles appear and
grow, there is less aqueous phase at these positions to scatter
them, so electrons are less and less attenuated and the image at
these spots appears less dark. Images were taken within 10−15
s including sample focusing and camera initialization time.
Deuterated Water and Normal Water. Figure 1D

summarizes the large isotope effect that we observed in D2O.
Identifying bubbles from contrast at the camera, the
normalized contrast is plotted against time of exposure under
conditions identified in the caption. The bubble-free time T0
(top panel) is identified from intensity relative to a region of
the same graphene sandwich just outside the encapsulated
liquid pocket (R). Representative raw data are plotted, showing
also the range of variation in repeated experiments.
As the bubble-free time in deionized H2O was only a few

seconds (∼5 s on average), first we investigated the efficacy of
adding radical scavengers, which is a strategy used routinely to
prolong sample lifetime from radical-based degradation in
fluorescence-based experiments.16 To work with dearated
water was infeasible because when dealing with ∼0.5 μL
aqueous solution on a graphene-covered TEM grid, gases in
the air will quickly redissolve as the surface-to-volume ratio is
so high during the assembly time, ∼5 min. In the category of
alcohol, glycerol was selected as alcohols scavenge hydroxyl
radicals,17 which are considered to be the major damaging
radical to organic materials in liquid phase TEM imaging,18

and glycerol was selected as it has lower vapor pressure than
smaller-molecule alcohols and may help to seal the liquid
cell.19 Compared to plain H2O, this approach prolonged
stability by a factor of at least 10: T0 ∼ 45 s for 3 wt % glycerol
and T0 ∼ 120 s for 50 or 70 wt % glycerol. Next, representing

the category of small-molecule antioxidants, we considered n-
propyl gallate (10 mM) as it scavenges singlet oxygen and is
reported to be as effective as vitamin C as an antifading agent
in fluorescence imaging but at a much lower concentration
than vitamin C,20 and we found T0 ∼ 90 s. Also we
investigated H2O containing 100 mM NaCl, not only because
NaCl appears to scavenge hydroxyl radicals21 but especially
because of its relevance to conditions of high salt
concentration, needed to study nanoparticle growth by in
situ TEM2 and also needed because biological samples such as
DNA of course typically require salt buffer to survive. These
experiments gave T0 ∼ 70 s. Finally, comparing to the case of
plain D2O, we found that it was the most long-lived: T0 ∼ 200
s on average. Adding radical scavenger to D2O did not improve
lifetime systematically. Otherwise stated, T0 in plain H2O was
extended by alcohol, salt, and n-propyl gallate to 50−120 s,
probably with different radical scavenging mechanisms in each
case, but in plain D2O it was larger than any of these. Mixtures
of 50% D2O/H2O extended lifetime qualitatively similar to
50% glycerol/H2O, but deuterated/protiated mixtures were
not explored in detail.
Such qualitative differences held regardless of the electron

energy or dose rate. From independent experiments and
dozens of liquid pockets probed with three different beam
conditions, Figure 2 shows the fraction of bubble-containing
water pockets plotted against elapsed time in a comparison of
D2O and H2O with 3% glycerol present to lengthen the
lifetime moderately. Data fall into two distinctive distributions
according to the liquid content. Almost all H2O pockets
contained some bubbles after ∼100 s, but ∼75% of the D2O
pockets were free of bubbles after this time and some D2O
pockets persisted free of bubbles for 250 s or longer. Electron
energy and dose were second-order influences; milder imaging
condition helped but moderately so. Specifically, for the most

Figure 1. Experimental scheme and representative data. (A) Schematic diagram of a graphene liquid cell. (B) Representative image when
bubble-free; note that the typical shape of graphene liquid pockets is rectangular or triangular. (C) Representative image with a radiation-
induced bubble. (D) Normalized contrast R plotted against imaging time for representative experiments: plain D2O (a), plain H2O (f), and
H2O containing radical scavengers 50% glycerol (b), 100 mM NaCl (c), 10 mM n-propyl gallate (d), and 3% glycerol (e). Here R is the
intensity difference between the sample and a region of graphene just outside the liquid pocket, normalized by the latter. Shaded
backgrounds in panel (d) show the variation of bubble onset time in multiple experiments. All data were obtained with 120 keV and dose 22
e Å−2 s−1.
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extreme condition of 120 keV, 22 e Å−2 s−1, ∼60% of D2O
pockets remained free of bubble after ∼150 s, while almost all
H2O pockets acquired bubbles even probed with the mildest
electron beam, 80 keV, 1.7−5 e Å−2 s−1. Interestingly, unlike
what one might have expected, graphene “knock-on” energy
did not seem present a threshold of systematic significant
damage, as indicated specially by the indistinguishable two data
sets of D2O of the same dose but different voltages, 120 and 80
keV. Note that the bubble onset time did not correlate with
width of the liquid pocket.
Likewise, the rate of bubble growth was slower in D2O. In

the literature, most liquid-phase TEM measurements are made
using electron energy at least 120 keV, so this aspect was
investigated at 120 keV and the highest electron dose rate, 22 e
Å−2 s−1, that we considered. Dozens of repeated experiments
were made. In a typical experiment, there appeared in each
pocket just one bubble and its growth rate fluctuated; the
average growth rates were ∼1300 nm2/s and ∼900 nm2/s in
H2O and D2O, respectively (Figure S3). Whereas the growth
rate for H2O had a similar order of magnitude to that reported
by others under similar electron beam conditions though using
SiNx windows,

13 in D2O it was consistently less.
Putting these findings into perspective, we emphasize that

while potential experimental concerns (possibly the actual
purity of water or disputable salt residue within graphene liquid
pockets) might indeed in principle contribute to any given
experiment, they do not appear to modify the significant
statistical differences, between D2O and H2O, that we report
from a large statistical data set.
Radiation Damage of Dissolved Polyelectrolyte in

D2O. Especially when the electron voltage was low, these
differences correlated with longer lifetimes of our model
system, dissolved aqueous polystyrenesulfonate. Our measure
of chemical degradation was visible bond scission. EELS and
EDX (energy dispersive X-ray spectroscopy) mapping
confirmed the presence of sulfur from this molecule within
the pockets (Figure S4).

Figure 3A tabulates the lifetimes of individual molecules
from numerous independent experiments. Relative to H2O

containing 3% glycerol as antioxidant, the mean lifetime in
D2O was longer, ∼1.3−2 times longer than even 50% glycerol/
H2O, the most effective radical scavenging system that we
surveyed. So long as the liquid pocket remained free of
bubbles, the mean lifetime was ∼260 s, in fact as long as 400 s
in some cases, under the mildest conditions (80 keV electrons
and dose rate 1.7−5 e Å−2 s−1). Likewise, the dependence of
liquid pocket bubble-free lifetime on electron energy and dose
followed these same trends (Figure 3B). Movie S1 emphasizes
this useful contrast between D2O and H2O.
The polymer lifetime was consistently less than the bubble-

free time, suggesting that there may exist a threshold
concentration of accumulated radiolytic products needed to
cause chain scission (Figure 4). To quantify this, we computed
the projected size of the polystyrenesulfonate macromolecules
that we imaged, finding this to fluctuate (±3%) around the
same stable value at first, but followed by relatively sudden size
reduction and faded contrast (>5%). In executing this
comparison, we normalized to the background without
macromolecule present and also to the image of the
macromolecule at time zero. Typically, such molecules ceased
to be visible within ∼10 s after the onset of this visible
degradation and a bubble appeared soon afterward. The
process was qualitatively similar in D2O (Figure 4A, upper

Figure 2. Comparison of D2O and H2O. Evaluation of electron
energy and electron dose rate regarding retardation of radiolysis-
induced bubbles. From multiple experiments, the fraction of liquid
pockets containing bubbles is plotted against imaging time for
D2O (red symbols) and H2O with 3% glycerol (blue symbols).
Most extreme radiation: 120 keV and 22 e Å−2 s−1 (squares).
Intermediate radiation: 120 keV and 1.7−5 e Å−2 s−1 (triangles).
Mildest radiation: 80 keV and 1.7−5 e Å−2 s−1 (circles). Sample
size: 14, 6, 10 and 3, 6, 5 for D2O and H2O under these respective
conditions. Curved dotted lines are guides to the eye only.

Figure 3. Comparison of polymer lifetime and liquid bubble-free
time. Comparison of D2O and H2O, electron energy, and electron
dose rate, regarding (A) lifetime of high-molecular-weight
polystyrenesulfonate and (B) bubble-free lifetime in liquid pockets
free of solute under the same conditions, for plain D2O (red), H2O
with 3% glycerol (blue), and H2O with 50% glycerol (green). The
abscissa of this bar graph shows the conditions of electron energy
and dose rate: Most extreme radiation: 120 keV and 22 e Å−2 s−1.
Intermediate radiation: 120 keV and 1.7−5 e Å−2 s−1. Mildest
radiation: 80 keV and 1.7−5 e Å−2 s−1. Sample size: 14, 6, 10; 14,
6, 11; and 3, 6, 5 for D2O, H2O with 50% glycerol, and H2O.
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panel) and H2O (50% glycerol, Figure 4A, lower panel) though
the lifetime in pure D2O was much longer (Movie S2).
It is reasonable to anticipate that radiolysis began starting

from the first exposure to high-energy electrons at the start of
any experiment. This is consistent with the observation (Figure
4B) that the intensity of electrons impinging on the detection
camera usually increased in slow linear fashion on top of
flickering fluctuations with time during the bubble-free period
(up to ∼5%), although we present no quantitative explanation
at this time. Additional experiments employing quantitative
EELS to differentiate free sulfur in solution and bound sulfur
on polymer in situ will help to understand mechanism and
kinetics of polymer degradation, however to accomplish this
will be extremely difficult given the fragility of our sample
under the long necessary exposure to focused high energy (200
keV) STEM beam, these conditions being required to resolve
single molecules. Subtle structural changes such as breakage of
a single bond would be beyond our resolving capability.
Taken together, our observations suggest that the absence of

radiolysis-induced gas bubbles was accompanied by relatively
safe conditions in which to image this macromolecule. While
polymer contrast was improved when at constant 80 keV
energy the electron dosage was increased (Figure 5), the effect
of raising the voltage from 80 to 120 keV was insignificant,
buried within the statistical variance between samples (these

differences probably originate in different liquid-cell thickness
and some variability between the solid supports on which
pockets are formed). That polymer contrast was systematically
better within liquid pockets of graphene suspended on holes
than on carbon film, and better on single sheet graphene than
on graphene folds, can be useful to experimentalists (Figure
4A, upper panel).
It seems there is a sweet spot in which sample lifetime is

extended significantly while maintaining a satisfactory level of
image contrast. First, reduced electron dosage at constant 120
keV voltage, from 22 to 1.7−5 e Å−2 s−1 (Figure 3A),
prolonged the lifetime of dissolved PSS by a factor of 3, for
both D2O and H2O. Second, use of D2O increased the
dissolved PSS lifetime 2−5 times under these same imaging
conditions. Third, polymer contrast was the same regardless of
using H2O or D2O (Figure 4). Fourth, 2-fold decrease of
electron dose, from 6 to 3 e Å−2 s−1, came at the expense of
only 10% polymer contrast decrease in D2O (Figure 5).
Usually there is a trade-off between prolonged lifetime,
produced by decreasing the electron dose, and enhanced
contrast, produced by increasing the electron dose. Taken
together, the present findings show that D2O liquid medium
prolongs imaging lifetime while retaining needed contrast.

DISCUSSION
Isotope differences between D2O and H2O are well-known
regarding other physical properties (density, viscosity, melting
point, hydrogen bonding, for example22,23) and have been
exploited to enable many characterization methods (neutron
scattering, NMR, infrared, fluorescence and Raman imaging,
solution reaction kinetics, for example).24,25 The findings

Figure 4. Beam-induced degradation of dissolved polymer
precedes radiolysis-induced bubble. In these two experiments,
bubbles were first observed at elapsed time 290 s (D2O) and 152 s
(glycerol/H2O). (A) Representative images of polystyrenesulfo-
nate (PSS) before bubbles appeared, at times indicated next to
each image. Scale bar is 20 nm. (B) Plots of intensity I relative to
blank liquid IL versus imaging time: comparison of polymer
contrast and degradation in D2O (circles) and 50% glycerol/H2O
(triangles). Intensity at the camera, quantified as described
elsewhere,4 and its ratio to surrounding liquid background,
defined as contrast, are plotted against imaging time. Blank
aqueous pocket intensity (open symbols), normalized to t = 0, is
shown for comparison. Gray shaded region indicates normal
fluctuation range and is a guide to the eye.

Figure 5. Dependence of polymer contrast on electron dosage in
D2O. Contrast, defined as the ratio of average intensity per pixel
within the polymer image, IP, to the average intensity per pixel in
the surrounding aqueous medium, IL, is plotted against time
during an experiment in which the electron dose was switched
midway through the experiment: 3 e Å−2 s−1, from 0 to 15 s, then 6
e Å−2 s−1. Shaded region indicate normal fluctuation range. Scale
bar is 20 nm. Insets show representative images taken with 0.3 s
exposure with continuous capture at 80 keV during each time
period. These raw images of weakly adsorbed polymer random
coils (top frame) are accompanied by features identified from
image analysis4 (bottom frame). These images fluctuate with time
reflecting conformational fluctuations. The improved contrast at
high electron dose. Minimal electron damage is suggested by the
fact that IP/IL fluctuates about a constant level.
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reported here are physically reasonable and can be practically
useful to experimentalists.
Considering the initial process of radiolysis that splits a

water molecule into H· and ·OH radicals, it is clear that
electrons must collide with water inelastically and transfer
kinetic energy to it. The higher mass of neutrons in D· radicals
makes them more difficult than H· to knock off. Indeed,
according to the 79 reactions that have been considered to
contribute to the radiolysis of water all except one of them
require the H· radical to be present.11 This is also consistent
with our observation that whereas dose rate matters more for
H2O, electron energy matters more for D2O (Figure 2).
Similarly, the reaction kinetics of bimolecular D2 formation
from D· would be retarded by the same degree as compared to
H2 formation from H·. Therefore, one should anticipate that
D2 gas takes longer to form than H2, and that as this gas is the
major constituent of radiolytically formed gas bubbles, bubble
formation in D2O should be retarded. Moreover, as radicals
containing D are generally less reactive than their counterparts
of lower mass, slower cascade reactions to generate other
gaseous products such as O2 are anticipated.26,27

To the extent that the root cause of our findings may be a
bulk effect, it is relevant that, in response to high-energy
gamma ray radiation, radiolysis of D2O is slower than H2O by
a factor of ∼1.1 to ∼1.5,28,29 which implies a higher steady-
state concentration of H2 gas than D2 gas. This we confirmed
by running the same simulation of kinetic equations reported
by others11 except with G values (a number to quantify the
sensitivity of organic materials to radiation) more appropriate
to the conditions of these experiments (Figure S5). This can
be taken only as suggestive, however, given the large energy
differences between gamma-ray and electron-induced radiol-
ysis; relevant parameters for electron-induced radiolysis are not
yet known, to the best of our knowledge. Independently,
coarse-grained quantification of gas bubble growth echoed a
similar difference (Figure S3), although the nonlinear nature of
growth kinetics was not taken into account. Solubility
differences may contribute, as D2 gas has higher solubility in
D2O than H2 in H2O by a factor of 1.3 at room
temperature30−33 which is believed to be the relevant
comparison since electron-induced heating is believed to be
at most several degrees.13 At the same time, temperature may
play a role as the thermal conductivity coefficient of liquid D2O
is larger than of H2O.

34 This should assist heat dissipation and
may contribute to our observation as usually gas solubility (H2
or D2) decreases as temperature increases.33 In addition to
bulk effects, surface effects may contribute to our observations.
Though graphene has low surface energy, inevitably it carries
adsorbed gases when specimens are prepared in the ambient
laboratory environment. The large surface-to-volume ratio in a
graphene liquid cell may contribute to the statistical variability
that here we report. Collectively, these considerations
regarding bulk and surface effects suggest that these multiple
reasons can produce the same empirical observation that the
isotope effect appears to retard radical reactions significantly.
Regarding an isotope effect on lifetime of organic molecules

in the presence of high-energy electrons, absence of liquids, the
accumulation of energy in individual bonds may contribute as
deuterated organic molecules have been reported to withstand
∼2× longer radiation exposure than their lighter counterparts
simply due to the difference in knock-on energy.35 From the
perspective of chemical intuition, it is clear that chain scission
of our organic polymer depended ultimately on strength of

individual C−C bonds in their aqueous environment, but this
matter is complex as it involves modeling the mechanism of
energy transfer between molecule and its aqueous environ-
ment, and it is not realistic to attempt to do so at this time.
Nonetheless, it has been shown that deuterating DNA causes it
to resist hydroxyl radical damage in solution as this slows
hydrogen abstraction from the sugar backbone.36

CONCLUSION

We conclude with hopefulness that these methods to extend
sample lifetime in liquid-cell TEM microscopy can be useful to
experimentalists. The main point is practical: replacing H2O by
D2O reduces significantly electron beam damage in graphene
liquid pockets not only by extending the sample lifetime of the
organic macromolecule that we studied, but also by prolonging
the time for onset of gas bubbles whose agitation would disturb
samples of interest, at no appreciable expense of contrast.
Among the possible reasons surveyed here, no ranking is
attempted at this time which ones dominate, but probably all
of them contribute. For scientists interested in liquid-phase
electron microscopy of radiation-sensitive synthetic polymers
and biopolymers, these findings can be useful.

MATERIALS AND METHODS
Preparation of Graphene Liquid Pockets. Our liquid pockets

are formed by creases that we create with care when one graphene
sheet is laid as a sandwich on top of another that traps the liquid.4

Specifically, we first transfer commercial CVD grown graphene/Cu
(ACS Materials) onto a holey carbon gold TEM grid (QUANTI-
FOIL, Electron Microscopy Sciences and SPI Supplies), followed by
micropipetting a relatively large liquid volume (about 0.5 μL) to
maximize the chances to form multiple liquid pockets. Quickly and
gently, using tweezers, we place the droplet-bearing, graphene-coated
grid onto a graphene sheet that floats on a copper etchant solution,
0.1 M (NH4)2S2O8, and leave it for a few min for graphene sheets to
adhere strongly to encapsulate the sample liquid between creases.
Reagents (Sigma-Aldrich) were purchased with the highest purity
available and used as received. H2O used was produced from
Millpore, with resistivity 18.2 MΩ cm.

Electron Microscopes. Many of our TEM experiments were
performed using an instrument of the kind routinely available at many
research institutions: JEOL-1400 in the Central Research Facilities at
our university, with 120 keV electron energy and dose rate 22 e Å−2

s−1 similar to parameters used by other researchers to study dynamics
with this technique,3,8 such that images were collected consecutively
with 0.3 s exposure time and 1 s between frames. In other TEM
experiments, we used a JEOL-2100 TEM equipped with a direct
electron-detection camera with single-electron sensitivity (K2
Summit, Gatan)37 with temporal resolution of 0.3 s and no lag
between frames, thus allowing us to explore systematically the
influences of electron energy and dose rate (120 keV, 22 e Å−2 s−1;
120 keV, 1.7−5 e Å−2 s−1; and 80 keV, 1.7−5 e Å−2 s−1).

Electron Energy Loss Spectroscopy (EELS) and Energy
Dispersive X-ray Spectroscopy (EDXS). Electron energy loss
spectra of water pockets were taken with a JEOL-2100 transmission
electron microscope using a CCD camera (US4000, Gatan) at 120
keV, less than 10 mrad collection semiangle, and 5 s exposure time.

Simulations of D2 and H2 Production Rate. The kinetic rate
equations11 and open-source Matlab codes introduced by Elliot and
McCracken38 were used.

Organic Polymer. The polystyrenesulfonate had weight-average
molar mass Mw = 2200 kDa and ratio of weight-average to number-
average molecular weight Mw/Mn = 1.15) (Polymer Source).4 After
solutions were prepared at 1 wt % concentration and equilibrated for
24 h (D2O included, allowing hydrogen to exchange with deterium),
graphene-cell liquid pockets containing this polymer were prepared.
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