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Abstract

We report electron diffraction of pyrene nanoclusters embedded in superfluid helium droplets.
Using a least-squares fitting procedure, we have been able to separate the contribution of helium
from those of the pyrene nanoclusters and determine the most likely structures for dimers and
trimers. We confirm that pyrene dimers form a parallel double-layer structure with an interlayer
distance of 3.5 A and suggest that pyrene trimers form a sandwich structure but that the molecular
planes are not completely parallel. The relative contributions of the dimers and trimers are ~6:1.
This work is an extension of our effort of solving structures of biological molecules using serial
single-molecule electron diffraction imaging. The success of electron diffraction from an all-light-
atom sample embedded in helium droplets offers reassuring evidence of the feasibility of this
approach.
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Recently, several new ideas have been introduced to solve the crystallization problem in

1 where

crystallography.!= One of the most successful is termed “diffract and destroy
ultrashort and ultraintense X-ray photons are used to diffract from a single particle before
the particle is destroyed by the radiation. To date, several dozens of new protein structures
have already been solved using this method.%7 The method has been adopted to determine
the shape of and detect the vortices in superfluid helium droplets.® Another method employs
electrons because of their much larger diffraction cross sections® and easier accessibility in
laboratories than ultrashort X-ray photons. In addition, sample alignment in a laser field
prior to diffraction has also been demonstrated, simplifying the data interpretation
tremendously.2-3 The ease in aligning a molecule embedded in superfluid helium droplets
has further prompted the idea of using Coulomb explosion to obtain structures of small
molecules.*10:11

Our group has been developing a method called serial single-molecule electron diffraction
imaging as a potential means to solve structures of large biological molecules and
nanomaterials.’ The procedure starts with electrospray ionization to produce ions for doping
into superfluid helium droplets, and then the cooled ions are aligned by an elliptically
polarized laser field and subjected to radiation by high-energy electrons. The collection of
images, each from molecules oriented from a chosen projection, is then used to determine
the three-dimensional structure. So far, we have successfully demonstrated the feasibility of
doping proteins such as the green fluorescent protein into superfluid helium droplets!2-14
and performed electron diffraction (ED) of neutral molecules including CBry, ferrocene, and
iodine clusters embedded in superfluid helium droplets, without laser alignment.!3-17 All of
these works involve molecular species that contain at least one heavy atom (with atomic
number larger than 20) to help with the contrast between the molecular diffraction and the
atomic diffraction from helium. However, biological samples contain mostly carbon atoms,

and the contrast issue due to similar diffraction cross sections!8 of carbon and helium has to
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be addressed. In this work, we expand the repertoire of our ED experiment to an all-light-
atom-containing species, pyrene (Py, CigH1g), again without laser alignment. The goal is to
demonstrate the feasibility of extracting structural information from the helium background
for molecular systems that do not contain any contrasting element.

Information on pyrene clusters is limited,'924 with only a few theoretical efforts in the
literature and no experimental result either in the gas phase nor in superfluid helium
droplets. We present experimental results and detailed statistical analysis on ED of pyrene
nanoclusters embedded in superfluid helium droplets. Similar to our work on iodine,!” we
observe that under our doping conditions pyrene clusters are easily formed in the droplets.
The structure of the dimer unit takes on the motif of crystalline pyrene with a similar
interlayer distance of 3.5 A,25-27 but the structure of the trimer is a sandwich structure with
nonparallel molecular planes,'? quite different from the crystalline structure. The presence
of clusters is confirmed from time-of-flight (TOF) mass spectrometry where clusters are
only observable from droplet-related pyrene and not in the diffused gaseous sample.

The experimental setup has been detailed in our previous publications.!>~!7 Superfluid
helium droplets are formed by supersonic expansion of high-purity helium gas (99.9995%)
at a stagnation pressure of 50 atm. The gas is precooled to 14 K through a closed-cycle
cryostat (Sumitomo, SRDK-408SW) and expands through a nozzle of 0.05 mm in diameter
(Digital Technology Trading & Marketing Ltd., E-L-5-8-C-unmounted cryogenic copper
Even-Lavie valve). After passing through a skimmer of 2 mm in diameter, the droplet beam
enters a doping chamber containing a sample pulsed valve (PV, Parker, series 9, 0.5 mm in
nozzle diameter). Pyrene is directly loaded into the sample PV and heated to 142 °C,
resulting in a vapor pressure of 43 mTorr.28 After picking up the gaseous sample, the droplet
beam enters the diffraction chamber via a cone of 5 mm in diameter. To diagnose the doping
condition of the droplet beam, the fourth harmonic of a pulsed Nd:YAG (Quantel, Brilliant)
at 266 nm is used to ionize the embedded neutral species at a power density of 10® W/cm? (3
mJ/pulse, 8 ns in duration, and 5 mm in beam diameter). A TOF mass spectrometer
perpendicular to the droplet beam resolves the ionized parent, fragment, and cluster ions. For
ED, the TOF is removed and a pulsed electron beam (Kimball, physics, EGPS-6210B, 30 /s
duration) at 40 keV is directed onto the droplet beam. The diffracted electrons impinge on a
phosphor screen (Beam Imaging Solutions, P43, 40 mm in diameter), while the undiffracted
electrons are collected by a Faraday cup for beam current monitoring (1.2 mA under typical
conditions). The image is recorded using an electron multiplying charge coupled device
camera (EMCCD, Andor Technology, iXon Ultra).

During the experiment, both the mass spectra and the diffraction images are recorded with
active background subtraction. The sample pulsed valve containing pyrene operates at twice
the repetition rate of the helium droplet beam, and the difference (4r,py) between the
signals obtained with (/Heon,py) and without (/geoft,py) the droplet beam should eliminate the
contribution from gaseous pyrene diffused from the doping region into the ionization/
diffraction chamber. The solenoid valve for the sample creates a magnetic field and affects
the position of the electron beam; hence, it has to be energized even when recording the
background. In addition, a separate diffraction profile of neat helium droplets (Idiff,neat) is
recorded using the same method of active background subtraction without the sample PV
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after readjusting the electron gun. Unfortunately, pyrene has a tendency to coat the high-
vacuum chamber and increase the base pressure of the doping region, from 1 x 1077 to 5 x
107° Torr, after a few days of operation, contaminating Idiff,neat with embedded monomeric
pyrene. The consequence of this contamination is a seemingly lower than expected
concentration of monomers in the resulting net diffraction profile, while the measured
concentrations of dimers and trimers are not affected. In all cases, the accumulated images
recorded under all conditions are saved separately for future data retrieval and fitting.

A major issue in diffraction of embedded samples inside of helium droplets is the
background of helium. For this reason, our practice has been to use the smallest droplets
possible and to load as much sample as possible into the droplets.!>~17 However, limited by
our visual inability to discern molecular diffraction from a strong background of monotonic
decay, we ended up adopting a lower source temperature to dope more sample into each
droplet. The consequence is a larger average droplet size and the presence of dopant clusters.
On the basis of a later experiment using a retardation electrode (unpublished results), the
droplet sizes at 14 K are in the range of 5 x 10* atoms/droplet.

Figure 1 presents the TOF mass spectra of gaseous pyrene, pyrene-doped droplets, and the
difference. At this laser power level (10° W/cm?) and sample pressure, no fragmentation of
monomers can be observed, and both the gaseous sample and the embedded sample contain
monomeric parent ions. However, only doped droplets contain Py, (1= 2-4). We note that
the presence of pyrene clusters should be treated only as evidence of existence because the
degree of fragmentation after ejection from the doped droplet is unknown. The energy of
two photons at 266 nm (total energy: 9.3 eV) is more than sufficient to both ionize%-3? and
dissociate (or dissociate and ionize) a pyrene dimer to produce Py + Py.19:21.31

Figure 2 shows the scaled radial profiles of the experimental diffraction patterns obtained
after 232559 shots (12.92 h at a repetition rate of 5 Hz), and the inset shows the unscaled
radial distribution from the raw experimental data. After a scaling factor of 7.5 for the doped
droplet, no difference can be seen between the doped and neat droplets on the linear scale.
To contrast the difference between the two results, the radial profiles are scaled by s2, where
s is the momentum transfer defined as®

4z . (B4
S = 7 Sln(j) [€))]

in terms of the de Broglie wavelength A (0.06 A at the 40 keV) and diffraction angle 6,. The
predominant monotonic decay is due to atomic scattering, including He, C, and H, while
only coherent diffraction from atomic pairs produces constructive and destructive
interferences.

To derive structural information from the diffraction profile, contributions from the helium
background and from all possible pyrene clusters need to be included. Figure 3 shows the
theoretical diffraction profiles of pyrene clusters based on a few theoretical calculations and
some representative cuts from crystalline pyrene.!27 The crystal structure and designations
of molecular axes are shown in the inset of panel (a). In diffraction, shorter interatomic pairs
such as the C—C bonds are manifested as longer-wavelength (in terms of s) oscillations;
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hence, the profiles of the monomer and all clusters are similar in the region with s >5 A1,
and the differences are primarily in the region with s <5 A™1. From panels (a—c), with
increasing cluster sizes, the diffraction profiles demonstrate more subtle features and
increases in overall intensity.

Several theoretical calculations on the structures of pyrene clusters have been reported in the
literature.!%2! The most recent is by Dontot, Spiegelman, and Rapacioli (DSR), reporting a
rotation angle of 67° but a slightly nonparallel arrangement between the two molecular
planes.'® However, the authors reported a shallow minimum, with four other structures
competitive within 20 meV: they all have parallel molecular planes but are shifted or rotated
by different angles, as shown in the inset of Figure 3b. The structure labeled SPL is the
global minimum by Gonzales and Lim,20 and it involves a parallel slip between the two
monomers along the long axis and an interplanar distance of 3.51 A, in agreement with the
distance in the dimeric unit of crystals.2-27 The other three parallel dimers include SPS —
slip along the short axis, GR — slip along a C—C bond, and cross — a rotation of 90°.21 All
four structures have very similar diffraction profiles and hence are referred to as the Para
dimer in the following discussion. The trimer structure from the DSR calculation is stacked
but slightly nonparallel, quite different from a trimeric cut of crystalline pyrene, while the
tetramer structure is a 3 + 1 construct, with the fourth pyrene nearly perpendicular to the
stacked trimer.!?

An earlier report by Takeuchi (HT structure) contains a parallel dimer,?* a parallel trimer,
and a near-cyclic tetramer. The HT dimer, although slightly different from the four parallel
dimers, has a very similar diffraction profile to those of the parallel dimers.

Other possible structures include different cuts from the crystalline structure. Crystalline
pyrene consists of dimeric units;2327 therefore, the third pyrene in a trimer should belong to
a nearby dimer, and it should be nearly perpendicular (tightly packed) to the central dimer
from a stability point of view. Similarly, the pyrene tetramer should contain two dimers
packed nearly perpendicular to each other. We have also considered larger clusters based on
a variety of cutouts of crystalline structures,23—27 but statistical analysis of both the fitting
result and doping probability indicates that contributions from clusters larger than tetramers

are negligible.

Mixtures of the different sets of structures, for example, a parallel dimer and a DSR trimer,
are also possible. However, if we include all possible cluster structures, 3 for the dimer
(DSR, HT, and Para), 3 for the trimer, and 3 for the tetramer (DSR, HT, and crystal cutout),
for a global fit, we would have too many independent parameters. To alleviate model
complexity, we chose to fit four sets of structures independently, including the DSR and the
HT set, a mix_P set containing the parallel dimer and the DSR trimer, and a mix_T set
containing the HT dimer and the DSR trimer. The structures of trimers and tetramers derived
from crystalline pyrene are eliminated because when added to any one of the sets the
resulting coefficients for these structures are essentially zero.

To compare the relative quality of the different models in fitting the experimental data, we
used the Akaike information criterion (AIC) defined as
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AIC = m - ln(82) 42k @

where m is the number of data points (sample size), o2 is the sum of squared residuals (SSR)
over m, and k is the number of fitting parameters.32 Models are considered equivalent when
their AIC difference is <2,33 while a model is strongly preferred when its AIC is lower by
more than 10 than those AICs of other models.

In performing the least-squares fitting procedure, the resemblance of the diffraction profiles
from different clusters—all containing the contribution of monomers—creates a numerical
challenge. We remove the dependency by subtracting the contributions of monomers (/;)
from the theoretical profiles of the cluster containing n monomers (Z,) and use /¢ for each
cluster

InC=In_"'Il 3)
to fit only the uncorrelated components of each cluster. The resulting model is therefore

Lyite py = B - Laift neat + @0+ + a1 - I + Zazi Iy + zasi 13,

4)
+ Z ag; - Lag,

The coefficients a and S are fitting parameters related to the contribution of each component
in the overall diffraction profile, and a is a baseline correction largely due to leaked light
into the camera. The value of Brepresents the contribution of the remaining helium after
doping relative to that of a neat droplet beam. The values of a,; (1> 1) represent
contributions of clusters containing 7 monomers with structure 7, but the net contribution of
pyrene monomers @myonomer 15

amonomer=a1_2'zaZi_3'Za3,‘_4'Za4i %)

Evaluation of the fitting results follows a few principles. Two constraints are implemented in
the fitting, including that all parameters a, (7> 1) are non-negative and that ay,onomer = 0-
Although not implemented in the fitting, we also use Poisson doping statistics and the mass
spectrum in Figure 1 to validate the distribution of the resulting coefficients.34

Table 1 lists the resulting SSR and AIC values for the four sets of models. Model 1 considers
the possibility of only monomers in the droplets, and it is independent of cluster structures.
Subsequent models are numbered by the largest size of clusters in the model, with the
structures labeled by subscripts. The most likely model with the lowest AIC value, 3 p
(highlighted in boldface), contains the parallel dimer and the DSR trimer. The model 4,x p
has the second lowest AIC value, but the fitted coefficient a4pgr is zero, and the increase in
its AIC is a result of the increased number of parameters. On the basis of Table 1, there is
essentially no support for the next level of models containing only dimers with the parallel
(2mix_p) or the HT (21yx_T) structure or model 3gr.33
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To confirm the significance of the regression coefficients, we used the bootstrap resampling
method through balanced variable selection to determine the standard error of each estimate.
33 The resulting Z values, i.e., the ratio of the estimated coefficient and its standard error, are
compared with a critical value (1.28) from a standard Normal distribution for a chosen
significant level (0.1). Table 2 shows the resulting fitting coefficients and their ratios,
uncertainties, and the corresponding Z values.

Figure 4 compares the experimental data with the fitting results, and the residue is shown in
the bottom panel. Similar to Figure 2, both the radial profiles and the residues are scaled
with s2. The two experimental values Idiff,Py and Idiff,neat were recorded with the same
exposure time, and the small value of signifies that more than 90% of the helium atoms
could not reach the diffraction region. This level of elimination is on par with our previous
work on ferrocene and iodine.!6:17 The effective high vapor pressure in the doping region
destroys most of the small droplets with or without a dopant monomer.

To further understand the contribution of Py, in the diffraction pattern, we model the doping
process using Poisson statistics. We estimate the number of evaporated helium atoms (2000)
upon cooling a pyrene molecule from 415 to 0.4 K based on the heat capacity of solid
pyrene (229 J/K-mol)*® and the binding energy of helium (0.6 meV).3%-37 After the first
collision, 4% of the helium atoms is lost in a droplet of 5 x 10* atoms/droplet. This size
change is negligible, and a standard Poisson distribution can be used to calculate the
probability of doping.3* On the basis of the empirical formula of supersonic expansion,38 the
pressure in the doping region 7 mm away from the sample nozzle of 0.5 mm diameter
should be 1.3 x 107> Torr. With a doping distance of 7 mm, the probability of doping 0—4
pyrenes is 0.71:0.24:0.04:0.004:0.0005 (the ratios of the corresponding a; values are listed
in the last column of Table 2). The relative abundance of Py, and Pyj is in qualitative
agreement with that from the fitting. The much larger contribution of monomers from the
doping statistics compared to that from fitting of the diffraction pattern is attributed to
contamination in the neat droplet diffraction profile Lyift neat.

The doping statistics and the fitting results of the diffraction profile are on par with the
abundance of Py, in the mass spectra of Figure 1. We have limited information on the
ionization mechanism of Py,*. However, we speculate that the abundant Py" is most likely a
result of dissociation of Py, or Py," after desorption from the droplet. The missing
contribution from Py, in the diffraction profile should be a result of low concentration.

In conclusion, the diffraction profile from this experiment of pyrene-doped droplets contains
mostly contributions from Py; and Py, with indications of a~10% contribution from Py3.
The structure of Py, contains two parallel pyrene molecules, and that of Py; appears to be
stacked but not completely parallel. This structure of Pys, in our best fitting model, is
different from that of the crystalline structure, demonstrating that at least in superfluid
helium droplets the stacking force prevails against the tendency of forming a 3D closely
packed structure. Different from our previous work, pyrene contains no heavy atoms, and the
success of this work offers promise in obtaining molecular parameters from all-light-atom-
containing species in superfluid helium droplets. The contrast issue, arising from the small
difference in diffraction cross sections of light atoms (carbon in particular) and helium, is
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shown to be solvable. With proper statistical treatment, we can not only identify the most
likely structures of pyrene dimers and trimer but also have a reasonable estimate of the
abundance of each sized cluster.
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Figure 1.
TOF mass spectra of pyrene-related species.
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Figure 2.
Radial profiles of diffraction patterns from neat and pyrene-doped droplets. The inset shows

the relative intensities of the radial profiles. With a multiplication factor of 7.5, the two
profiles in the inset overlap exactly. By multiplying the profiles by s, the difference between
the doped and neat droplets can be seen in the scaled plot.

J Phys Chem Lett. Author manuscript; available in PMC 2020 March 30.

uonoeIIQ PaesS



1duosnuely Joyiny 1duuosnuey Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Lei et al.

Page 12

2 3 4 S 6 7 8

300 (C) Trimer-HT Tlrimer-DSR_

200
100

o

-
o
(@)

I
B
-
L
-
L

(a) Long Monomer

axis

Intensity (Arb. Units)

N
o

Short
axis

N
o
T

. Monomer
Gas Phase

0 , ] .
2 S 4 5 6 7 8

Figure 3.
Theoretical diffraction profiles from selected structures of pyrene clusters. The diffraction

profile of each structure is color-coded within each panel. The diffraction profile in panel (a)
is from the monomer.
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Figure 4.
Comparison of scaled experimental and fitting results. The residue is the difference between

the scaled radial profiles.
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Comparisons of Fitting Results from Different Sets of Structures and Models

Table 1.

model #
1

2mix7P
3mix7P
4mix7P
2mix7T
3mix7T
4mix7T
2psr
3psr
4psr
3ur

4ur

cluster fitting formula®

(monomer only)

*2para I2Para

2para” L2para T Bpsr * I3psr

Opara " 12para T Bpsr  13psr + %psr * L4psr
@yt Loy

@yt 2t + Bpsr * I3psr

@yt T2t + ®Bpsg * I3psr + %psk * T4psk
®psr * L2psr

psr * 12psr T #psr * I3psr

%2psR * 12psr T ®3psr * I3psr T *psr * T4psr
oyt Dogr + @3yy DByt

oy Logr + ®Byr - B3yr + dagr - lagr

SSR

0.668
0.145

0.121

0.121

0.140

0.140

0.140

0.157

0.153

0.150

0.140

0.140

AIC

—1055

—1352

—1380

—1378

b

—1354

—1352

—1350

b

b

—1333

—1335

—1337

—1352

—1350

b

b

b

b

aThe total formula also includes B - /diff,neat + @0 + al * 11.

b, . . . .
The coefticient for the last term (largest cluster) is more than 3 orders of magnitude smaller than the previous term (next largest cluster).
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Table 2.

Constrained Least-Squares Fitting Result of Embedded Py,, (n = 1-3) in Superfluid Helium Droplets from the
Best Model 3ix p

1duosnuey Joyiny 1duosnuelp Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

standard
term coefficient error z coefficient ratio  ratio from doping
B 0.06194 0.00054  114.7
a, 0.01210 0.00170 7.11
a, 0.00798 0.00069 11.5 18 99
®p 0.00262 0.00072 3.62 6 8
ara
M3HgR 0.00044 0.00030 1.45 1 1
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