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1 Abstract
Principles of low pressure gas electron diffraction
(LPGED) are introduced. An experimental setup has
been constructed for measuring electron diffraction
patterns of gaseous samples at pressures below 10−3

mbar. Test measurements have been performed for
benzoic acid at T = 287 K corresponding to a va-
por pressure of the substance P = 2 × 10−4 mbar,
for iodoform CHI3 at T = 288 K (P = 4 × 10−4

mbar) and for carbon tetraiodide CI4 at T = 290
K (P = 1 × 10−4 mbar). Due to the low exper-
imental temperature thermal decomposition of CI4
has been prevented, which was unavoidable in previ-
ous classical measurements at higher temperatures.
From the obtained data the molecular structures
have been successfully refined. The most important
semi-empirical equilibrium molecular parameters are
re(Car–Car)av = 1.387(5) Å in benzoic acid, re(C–I)
= 2.123(3) Å in iodoform and re(C–I) = 2.133(7) Å
in carbon tetraiodide. The determined parameters
showed consistency with theoretically predicted val-
ues. A critical comparison with results of the earlier
investigations has also been done.

2 Introduction
One of the major sources of experimental data for
structures of free molecules is gas electron diffrac-
tion (hereafter GED). Using this technique numerous
compounds from different classes have been investi-
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gated, including famous buckminsterfullerene C60 [1],
ferrocene Fe(C5H5)2 [2], metalloporphyrins [3] and
many others [4]. For a recent brief overview of the
GED method the reader is referred to the respective
chapters by István and Magdolna Hargittai in En-
cyclopedia of Spectroscopy and Spectrometry [5, 6].
In principle, this method is suitable for studying any
substance, which can be evaporated. The question
is, whether the pressure of its vapor is high enough
for producing diffraction of electrons with sufficient
intensity. Figure 1 shows the scheme of a typical
GED experiment. For a given compound the total
intensity of diffracted electrons is proportional to the
product of the number of molecules and the number
of incident electrons in the diffraction point per unit
time. Accordingly, there are three distinct parame-
ters of the GED experiment, which can be adjusted
in order to measure diffraction patterns successfully:
(a) the pressure P of the vapor of the investigated
substance, (b) the current I in the primary electron
beam and (c) the exposure time t. Their product is
proportional to the level of signal S measured on the
detector:

S ∝ P × I × t (1)

Accumulated over last decades experience shows that
all of these parameters have particular ranges of op-
timal values [7]. The exposure time t can be several
seconds up to a few minutes. Shorter exposures are
preferable to ensure the stability of conditions dur-
ing measurements and to reduce the consumption of
the sample, which can be sometimes very valuable.
Optimal values for the electron current I are usually
in the range 0.1 – 5 μA. Larger values can cause in-
stabilities in the electron optics and increase levels
of continuous X-rays, coming from apertures and the
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electron beam trap. To reduce the background in-
tensity the diffraction chamber must be kept under
high vacuum, typically 10−6 mbar or better. There-
fore inlet systems are constructed so that the sample
is introduced into the diffraction point with a reason-
ably low pressure and then immediately pumped out
and collected on surfaces of the cold trap. In classi-
cal GED experiments the pressure of the substance
vapor must be in the range about 0.1 – 10 mbar. Ad-
justable valves can be used for the reduction of the
pressure if the substance is too volatile. In case of
low volatility the substance is heated to achieve the
required vapor pressure. Technically this is a more
complicated problem, which has been solved by con-
structing different evaporators for measurements at
middle [8], high [9, 10] and very high temperatures
up to 2300 K [11] and even up to about 3300 K [12].
Still, numerous compounds could not be studied due
to thermal decomposition at elevated temperatures.
In exceptionally simple cases products of decompo-
sition can be taken into account in the analysis of
data. For example this was done in a study of carbon
tetraiodide [13] resulting in a refined C–I bond length
with relatively large uncertainty rg = 2.157(10) Å. In
spite of the very detailed analysis of the data the au-
thors of this investigation write that “the rest of the
results of our ED study are not unambiguous” [13].
In general case thermally labile substances should be
investigated at low temperatures to avoid decompo-
sition. However, the corresponding vapor pressure
would be too low for the classical GED experiment.
A workaround to this problem has been suggested
earlier by increasing the electron current in the pri-
mary beam [14]. Also, based on ideas of molecular
beams an evaporator of a special donut form has been
proposed [15]. Nevertheless currently there are no ex-
perimental GED setups suitable for measurements at
low vapor pressures.

At Bielefeld University we are constantly develop-
ing our KD-G2 gas electron diffractometer [8]. Re-
cently we have published a paper [16] with details
on the most principal improvements facilitated the
current work. In this contribution we describe prin-
ciples and the construction of our new evaporator for
low pressure gas electron diffraction (LPGED) and
results of several test measurements.
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Figure 1: Scheme of the diffraction camera in the
GED instrument. B is the primary electron beam;
E is the evaporator combined with the cold trap; C
connections for cooling liquid; D and G show the
directions to the detector and the electron gun, re-
spectively; L, M and S show the possible positions of
the evaporator corresponding to the long, middle and
short distances to the detector, respectively.

3 Experiment
The developed setup is based on the available diffrac-
tometer [16]. The general scheme of our GED ex-
periment is depicted in Figure 1. Briefly, the pri-
mary electron beam is introduced into the evacuated
diffraction chamber, interacts with molecules of the
sample in the evaporator and the scattered electrons
are collected on the detector.

3.1 Evaporator
A major part of our work has been devoted to the
construction of the evaporator. Its model has been
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Figure 2: Classical scheme of the formation of the
molecular beam. S, C and O are the source, collimat-
ing and observation chambers, respectively. Arrows
show trajectories of molecules. Solid arrows corre-
spond to molecules forming the molecular beam.

built on principles of molecular beams [17]. The basic
idea is shown in Figure 2. A sample (most usually in
the solid state) is placed in the source chamber. The
mean free path (i.e., the travelling distance without
collisions) l for molecules in its vapor can be calcu-
lated as

l =
kBT√
2πd2P

(2)

where kB is the Boltzmann’s constant, T is the ab-
solute temperature, d is the kinetic diameter of the
molecule, P is the vapor pressure. The diameter d (in
Å) can be calculated from viscosity η (in micropoise)
as

d = 1.6339
(MT )1/4

η1/2
(3)

where M is the molecular weight (g mol−1) and T is
the temperature in Kelvin. From the source chamber
the molecules can enter the collimating chamber at
different angles and then can be pumped out or pass
further to the observation chamber. For the forma-
tion of the molecular beam (i.e., a collimated flow of
molecules) in the observation chamber the mean free
path l must be significantly larger than the linear
dimensions of the orifices and the distance between
them. Developing this principle further an evapora-
tor with a cell in donut form has been designed, see
Figure 3. In contrast to one-dimensional molecular
beams this ring-shaped construction should provide

Slit 1 Slit 2 Electron beam

S
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C

C

Diffracted

electrons

MF MF

Figure 3: A cut of the CAD model of the cell in
the evaporator. S is the source chamber, C indicate
directions to the cold trap; MF indicate directions for
formation of the gas molecular film.

conditions for two-dimensional gas molecular films.
In this case a part of molecules is returning back to
the sample chamber after passing the diffraction vol-
ume. In turn, this should lower the sample consump-
tion and reduce the overall background pressure in
the diffraction chamber. Particular dimensions of the
central part of the cell around the diffraction point
have been determined from the following considera-
tions. High electron currents lead to increased di-
ameters of the primary electron beam. Our estima-
tions for the largest values of the beam diameter were
about 1-2 mm in the diffraction volume. For com-
parison, the observed earlier diameter of the electron
beam in our setup was 0.35 mm at a current of 1 μA
[16]. Accordingly, in the construction the inner di-
ameter of the channel for the primary electron beam
was 3 mm. For determining the optimal configuration
of the circular slits we have done a series of calcula-
tions of the mean free path l at different conditions
(see Table S1 in Supplementary Material) using equa-
tion 2. For small and middle-sized molecules with
d ≤ 10 Å the mean free path l is at least 9 mm at
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Figure 4: A cut of the CAD model of the evaporator
head.

T = 300 K and P = 10−3 mbar. At the same temper-
ature larger molecules require lower pressure values to
achieve comparable l values. For example, molecules
with d = 20 Å have l = 23 mm at T = 300 K and
P = 10−4 mbar. Note, the mean free path l increases
when the temperature T rises, as Eq. 2 shows (par-
ticular values are collected in Table S1). Accordingly,
the cell has been constructed so that it is operational
at least in the stated conditions and also at elevated
temperatures. The opening of the slits (the verti-
cal distance) was 1 mm and the distance (horizontal)
between slits was 1.5 mm (see Figure 3), which is sig-
nificantly less than the expected magnitudes of the
mean free path.

The cell is placed in the head of the evaporator
(see Figure 4), which is essentially a cold trap for
collecting surplus of the sample coming from the cell.
Additionally, on the bottom of the head a holder for
the standard for wavelength calibration is mounted,
which can be mechanically placed into electron beam
position. As a standard in this work we used poly-
cristalline zinc oxide ZnO manually evaporated onto
a TEM net made of copper. Figure 5 shows the model
of the complete evaporator equipped with a reservoir
for liquid nitrogen used as a cooling agent. Alterna-
tively, the reservoir can be detached and tubes for
an operation with cooling liquid can be connected di-
rectly to the evaporator. The position of the cell in
the head with respect to the electron beam can be

Head

Reservoir

for liquid N2

Flange

Manipulator

for the standard

Adjusting

ring

Electrical

connections

Figure 5: The CAD model of the complete evapora-
tor.

A B

C

Figure 6: The first prototype of the evaporator. The
cell is also shown separately in closed (A) and opened
(B) state. C is the complete evaporator with the
installed cell inside.

controlled with the adjusting ring. The head can be
pushed and pulled by rotating this ring. In the first
prototype constructed in our local mechanical work-
shop (see Figure 6) the cell was made from stainless
steel and the head was from copper. The adjusting
ring and the outer part of the manipulator for the
standard were made from brass, the rest of the evap-
orator was from stainless steel. This evaporator was
initially built for experiments without heating of sam-
ples. Below we demonstrate some results obtained
with this setup.
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Table 1: Parameters of LPGED (this work) and GED experiments.a

C6H5COOH CHI3 CI4
Parameter LPGED GED [18]b LPGED GED [19] LPGED GED [13]b

Lc, mm 243.0 243.9, 494.4 243.0 244.5 243.0 190, 500
V ED

d, kV 60 42 60 37 60 60
IED

e, μA 10.8 n.i. 0.9 1.5 4.5–5.1 n.i.
P res

f, mbar 1× 10−6 n.i. 4× 10−7 2× 10−6 3× 10−7 n.i.
T g, K 287–289 408, 403 289 395 290 396
P sub

h, mbar 2× 10−4 18, 13 4× 10−4 1.1 1× 10−4 1.2
di, Å 9.00 8.27, 8.30 8.39 7.79 9.73 9.04

lj, mm 55 1.0× 10−3

1.4× 10−3
32 1.9× 10−2 95 1.3× 10−2

tk, sec 30–60 n.i. 40–90 110–140 20–60 n.i.

sl, Å-1 4.4–30.8 8.0–29.0
3.0–14.0 4.6–25.9 4.5–33.8 4.4–25.0 8.00–31.75

2.00–14.00
∆sm, Å-1 0.2 0.25 0.2 n.i. 0.2 0.25, 0.125
λn, Å 0.04903(17) 0.058378 0.04925(16) 0.06329 0.04913(13) n.i.
wRexp

o, % 2.41 n.i. 5.34 n.i. 8.16 n.i.
wRstr

p, % 2.52 n.i. 8.07 n.i. 6.93 5.44

a n.i. stands for not indicated in cited paper. b Parameters for two series of experiments are given;
common values are not duplicated. c Distance from diffraction point to detector. d Accelerating voltage for
primary electron beam. e Current in primary electron beam. f Residual pressure in diffraction chamber
during exposure. g Temperature of substance in diffraction point. h Pressure of substance at experimental
temperature; the values were calculated from data in refs. [20] for benzoic acid, [21] for CHI3 and [22] for
CI4. i Kinetic diameter of molecule calculated using Eq. 3 from viscosity data [23]. j Calculated mean free
path according to Eq. 2. k Exposure time. l Covered in measurement and processed range of s. m Step size
for s. n Electron wavelength. o Weighted experimental R-factor [24] for sM(s). p Weighted structural
R-factor for sM(s) calculated as

[∑
wi{siM(si)model − siM(si)exper}2/

∑
wi{siM(si)exper}2

]1/2 × 100%

3.2 Measurements
The constructed evaporator was installed in the KD-
G2 gas electron diffractometer [8] at Bielefeld Univer-
sity. Commercial (Sigma-Aldrich) samples of benzoic
acid (purity ≥ 99.9 %), iodoform (99 %) and carbon
tetraiodide (97 %) were used without further purifi-
cation. Electron diffraction patterns of the samples
were measured in three separate experiments without
heating. Liquid nitrogen was used as cooling agent.
In all cases the evaporator was installed in the middle
position with respect to the detector level (see Fig-
ure 1). BAS-MP Imaging Plates (IP) were used as
detectors for measuring intensities of diffracted elec-

trons. Exposed IPs were scanned using a calibrated
Fuji BAS-1800II reader in the 16-bit mode with the
spatial resolution 0.05 mm per pixel. Digitized im-
ages have been converted into total intensity func-
tions as usually [25]. In each experiment diffraction
patterns of ZnO were also recorded and used for cal-
ibration of electron wavelengths. As the reference
values for the lattice constants of ZnO were used a =
3.2495 Å and c = 5.2069 Å [26]. The most important
parameters of the experiments are collected in Table
1.
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Figure 7: Molecular structures of benzoic acid
(C6H5COOH), iodoform (CHI3) and carbon tetraio-
dide (CI4). Labels of some atoms are omitted for
clarity.

3.3 Structural refinements
First, supplementary quantum-chemical calculations
were performed for all three molecules (see Figure
7 for their structures). For benzoic acid the opti-
mized equilibrium structure was computed at the ae-
CCSD(T)/cc-pwCVTZ level of theory [27, 28]. Pa-
rameters of this structure were used as starting and
regularizing values in the refinement procedure [29].
Analytical harmonic and numerical cubic force fields
were calculated at the DFT B3LYP/def2-TZVP level
[30–32]. Theoretical equilibrium structures of CHI3
and CI4 were also calculated using the ae-CCSD(T)
method paired with basis sets cc-pwCVnZ-PP (n =
D, T and Q) with small-core ECP28MDF pseudopo-
tential [33] for iodine atoms. From these data com-
plete basis set structures were computed by fitting
the parameters of the equation r = rCBS + Ae−nB ,
where rCBS, A, B are adjustable parameters and n is
the cardinal number (n = 2(D), 3(T), 4(Q)) of the re-
spective basis set. Force fields for these two molecules
were calculated using the second order Møller-Plesset
perturbation theory MP2 [34] in frozen-core variant
with SDB-cc-pVTZ basis set [35]. All DFT and MP2
calculations were done using the Gaussian16 [36] pro-

5 10 15 20 25 30
s, Å

−1

sM

Figure 8: Experimental (circles) and model (line)
molecular intensity sM(s) functions of benzoic acid.
Below is the difference curve. Error bars for the ex-
perimental data are threefold standard deviations.

gram package. Coupled cluster calculations were per-
formed using the Cfour [37] programs. The force
fields were used further for computing interatomic
vibrational amplitudes and corrections (re − ra) em-
ploying the VibModule program [38]. The struc-
tures have been refined using the UNEX program
[39], for details see Supplementary Material. Back-
ground elimination procedure has been applied to
reduced intensity functions (see Figures S2–S4) ac-
cording to the method described earlier [40]. Exper-
imental sM(s) functions were averaged and individ-
ual standard deviations were calculated for all data
points (see Figures 8, 9 and 10). Standard devia-
tions for the refined parameters were calculated using
Monte-Carlo method [41] taking into account uncer-
tainties in experimental sM(s) intensities and elec-
tron wavelengths. Most important theoretical and
refined parameters are collected in Tables 2, 3 and
4. Radial distribution functions are shown in Figures
11, 12 and 13.
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Table 2: Selected parameters of benzoic acid.a
Theoreticalb Experimental

Parameter CC, DFT re This work re This work ra Ref. [18] ra
r(Car–Car)avc 1.393 1.387(5) 1.393(5) 1.401(2)
r(Car–COOH) 1.485 1.485(4) 1.493(4) 1.484(6)
r(C–O) 1.352 1.342(4) 1.350(4) 1.367(8)
r(C=O) 1.207 1.202(4) 1.205(4) 1.225(6)
r(Car–H)avc 1.081 1.088(4) 1.103(4) 1.102(8)
l(Car–Car)avc 0.045 0.051(1) 0.054(6)

a Bond lengths r and amplitudes l in Å, uncertainties in parentheses are 1σ errors.
b ae-CCSD(T)/cc-pwCVTZ for geometrical parameters, B3LYP/def2-TZVP for amplitudes. c Average
value for benzene ring.

Table 3: Parameters of iodoform.a
Theoreticalb Experimental

Parameter CC, MP2 re This work re This work rg Ref. [19] rg
r(C–H) 1.081 1.081c 1.102c 1.111c

r(C–I) 2.127 2.123(3) 2.133(3) 2.145(3)
r(I· · · I) 3.533 3.528(11) 3.541(11) 3.549(1)
6 (H–C–I) 106.4 106.3(5) 107.0(2)d
6 (I–C–I) 112.3 112.4(4) 111.9(2)d
l(C–I) 0.055 0.060(7) 0.067(2)
l(I· · · I) 0.083 0.103(1) 0.108(1)

a Distances r and amplitudes l in Å, angles in degrees, uncertainties in parentheses are 1σ errors. b For
geometrical parameters ae-CCSD(T)/CBS, for amplitudes fc-MP2/SDB-cc-pVTZ. c Assumed. d Angles in
ref. [19] are given in terms of rα structure.

4 Discussion
Some individual ideas lying in the basis of the de-
scribed experimental setup are not entirely new.
Molecular beams were already used in electron
diffraction earlier [42, 43], although in these mea-
surements sample pressures were significantly higher.
Also at least one test low-pressure-high-current ex-
periment was performed [14] and a donut-shaped
cell was suggested by Ivanov [15]. Nevertheless,
the data on these topics in application to electron
diffraction are extremely scarce. In fact our setup
is currently the only one available in the world for
LPGED measurements. Benzoic acid, iodoform and

carbon tetraiodide have been already studied by GED
method [13, 18, 19], which makes them suitable for
testing purposes. The particular reason for choosing
these compounds was (a) each of them was studied
relatively recently and represent the modern state of
classical GED experiments; (b) the published data
were measured in different laboratories using differ-
ent experimental setups, which makes the comparison
with our results more meaningful.

In Table 1 we have collected LPGED experimen-
tal conditions from this work with corresponding pa-
rameters of the earlier classical GED experiments.
The most important systematic difference is that in
LPGED significantly lower sample vapor pressures
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Table 4: Parameters of carbon tetraiodide.a
Theoreticalb Experimental

Parameter CC, MP2 re This work re This work rg Ref. [13] rg
r(C–I) 2.145 2.133(7) 2.143(7) 2.157(10)
r(I· · · I) 3.503 3.484(12) 3.497(12) 3.530(7)
l(C–I) 0.057 0.058(12) 0.063c

l(I· · · I) 0.083 0.108(1) 0.106(23)

a Distances r and amplitudes l in Å, uncertainties in parentheses are 1σ errors in this work and estimated
total errors from ref. [13]. b For distances ae-CCSD(T)/CBS, for amplitudes fc-MP2/SDB-cc-pVTZ levels
of theory. c Assumed.

5 10 15 20 25

s, Å
−1

sM

Figure 9: Experimental (circles) and model (line)
molecular intensity sM(s) functions of iodoform. Be-
low is the difference curve. Error bars for the exper-
imental data are threefold standard deviations.

were used and no heating was required, as opposed to
the GED experiments. In turn, the mean free paths
l in LPGED were several orders of magnitude longer.
However, from our experience this typically requires
higher currents in the electron beam, like it was for
benzoic acid with relatively weak scattering ability
in comparison to the other two molecules. The ex-
ception here was iodoform, for which electron diffrac-
tion patterns were successfully measured even at 0.9
μA. In LPGED we needed longer exposures up to
90 seconds for recording patterns with optimal sig-

5 10 15 20 25

s, Å
−1

sM

Figure 10: Experimental (circles) and model (line)
molecular intensity sM(s) functions of carbon
tetraiodide. Below is the difference curve. Error bars
for the experimental data are threefold standard de-
viations.

nal to noise ratio. For comparison, in classical GED
measurements with our setup typical exposure times
are about 10 seconds [16, 40]. In earlier investiga-
tions, like for CHI3 [19], each diffraction pattern was
recorded significantly longer due to photographic de-
tection technique.

The quality of experimental data in this work was
different in three series of measurements. The best
(i.e. the lowest) value of the experimental wR-factor
for sM(s), showing the reproducibility of experimen-
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Figure 11: Experimental (circles) and model (line)
radial distribution functions of benzoic acid. Below is
the difference curve. Vertical bars indicate positions
and contributions of all interatomic distances.

tal data, was in the experiment with benzoic acid.
Accordingly, the very close value of the structural
wR-factor of 2.52 %, showing the level of disagree-
ment between the refined model and the experimen-
tal data, demonstrates an excellent fitting balance. In
contrast, the data for CHI3 and CI4 were significantly
noisier, especially for the latter molecule. Graph-
ically this can be seen by comparing error bars in
Figures 8, 9 and 10. This was expected, since iodine
atoms generally lead to the very rapid dampening of
diffraction patterns. The structural wR-factors were
also expectedly larger, especially using very strict cri-
teria for the smoothness of reduced background. If
the background elimination procedure was applied to
the total intensity functions of CHI3, the structural
wR-factor was about 4 %. Nevertheless, in the real
space the refined models are in very good agreement
with the experimental data, as the radial distribution
functions show in Figures 11, 12 and 13. Thus, the
increased values of wRexp and wRstr were mostly due
to random noise. Unfortunately, these statistics had
not been well documented in the earlier investigations
so no meaningful comparison could be done.

In Tables 2, 3 and 4 are collected most representa-
tive parameters of benzoic acid, iodoform and carbon

0 1 2 3 4 5
r, Å

P(r)

C–H
C–I

H...I

I...l

Figure 12: Experimental (circles) and model (line)
radial distribution functions of iodoform. Below is
the difference curve.

tetraiodide refined in this work in comparison to de-
termined earlier experimental and theoretical values.
The parameters for benzoic acid generally agree well
with two exceptions. The length of the single C–O
bond is significantly smaller than theoretical value in
this work, whereas in ref. [18] it is significantly larger.
The length of the double C=O bond seems to be ac-
curate in our refinement and is clearly overestimated
in the cited work.

In the refinement of iodoform CHI3 the bond length
r(C–I) was strongly correlated with the angle 6 (H–
C–I), since both of them determine equally well the
distances in the strongest I· · · I terms between iodine
atoms. Therefore the r(I· · · I) distance is the most
representative parameter in iodoform if refined from
electron diffraction data. The value determined in
this work is in very good agreement with the best the-
oretical prediction if compared on the common basis
of equilibrium geometry. With the older investiga-
tion we do comparison on the basis of vibrationally
averaged rg type of structure, which depends on the
temperature of experiment. As expected, the value in
our work is smaller than the published earlier. How-
ever, this difference of 0.008 Å is larger than pre-
dicted (0.003 Å) taking into account the difference
between temperatures of the experiments. On the
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Figure 13: Experimental (circles) and model (line)
radial distribution functions of carbon tetraiodide.
Below is the difference curve.

other hand it is hardly possible to draw here a par-
ticular conclusion taking into account the relatively
large uncertainty for this parameter. The reason for
that was the ambiguity in the electron wavelength,
which propagated into error limits of the refined pa-
rameters. This was due to the limited resolution of
the IP scanner, which was used in this work. The
length of the C–H bond could not be refined at all
due to the negligible contribution of this term into
diffraction patterns, as the radial distribution func-
tions show in Figure 12.

The most interesting results have been obtained for
carbon tetraiodide. As has been already mentioned
above in the introduction, the previous investigation
was significantly hindered by the thermal decompo-
sition [13]. As a result, a large amount of molecular
iodine I2 (up to about 20 %) was formed together
with other products. The iodine could be clearly seen
on the experimental radial distribution function (see
Figure 2 in the cited paper), which contained a signal
at ca. r = 2.6 Å characteristic for I2. This ended up
considering several complicated models and relying
on multiple assumptions in the interpretation of their
data, which significantly increased ambiguity of re-
sults. In contrast, with LPGED this compound could
be investigated at much lower temperature (290 K vs.

396 K in ref. [13]) thus avoiding the thermal decom-
position. The experimental radial distribution func-
tion in this work (Figure 13) shows only two distinct
signals attributable to the C–I and I· · · I terms of the
tetrahedrally symmetric CI4 molecule. Its parame-
ters are listed in Table 4. The interatomic distances
refined from our data are smaller than theoretically
predicted values. Although we calculated geomet-
rical parameters extrapolated to the complete basis
set, the influence of higher excitations in the coupled
cluster method beyond CCSD(T) has not been in-
vestigated due to unfeasible computational demands.
Therefore it is difficult to estimate the accuracy of
the theoretical structure. The experimental values
for rg(C–I) from this work and from the earlier in-
vestigation have an overlapping range within stated
error limits. However, the values for rg(I· · · I) are
significantly different and cannot be explained by the
temperature effect calculated to be about 0.003 Å. It
is possible that the older value has been interfered
with contributions from other products of decom-
position containing I–C–I fragments. On the other
hand our values also have increased error limits due
to the contribution from the uncertainty in the elec-
tron wavelength.

Amplitudes of interatomic vibrations (l values in
Tables 2, 3 and 4) have been also refined whenever
possible. They were expectedly increased in compar-
ison to theoretical values both in our as well as in the
other investigations due to the effect of finite sample
size [44, 45].

In this work the mean free path values were cal-
culated for the three studied molecules from accu-
rate kinetic diameters (see Table 1), which in turn
were calculated from respective experimental viscosi-
ties [23]. In the case of unknown viscosity kinetic
diameters can be calculated using quantum-chemical
methods [46]. However, for the purposes of LPGED
it is enough to estimate them by taking the maximal
expected interatomic distance in the molecule mul-
tiplied by a factor of about 1.2–1.5. If the molecule
has peripheral atoms with lone electron pairs the cal-
culated value can be further increased by about 1–3
Å.
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5 Conclusions and Perspectives
In this paper we define the principles of low pres-
sure gas electron diffraction (LPGED) and describe
details on our implementation of this experimental
method. With three test experiments using benzoic
acid, iodoform and carbon tetraiodide we demon-
strate the applicability of this method for measure-
ments at significantly lower pressures and tempera-
tures. For carbon teraiodide this was the only way to
avoid sample decomposition under experimental con-
ditions. Thus, the proposed method opens a possibil-
ity to study other thermally labile compounds. This
can also be important in the case of conformation-
ally flexible molecules, if only the most stable confor-
mation must be investigated. In this work we have
focused on experiments at low temperatures. Cur-
rently we are working on the extension of our setup
for high temperature measurements, which are re-
quired for substances with low volatility. Another
important direction of improvement is investigated
by using detection techniques with higher resolution.
This should further increase the accuracy and preci-
sion of the refined molecular parameters.
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Table S1: Mean free path l (in mm) for molecules with different d (in Å) at selected temperatures T (in
K) and pressures P (in mbar)a

P T l P T l P T l P T l

d = 5 d = 10 d = 15 d = 20

10−4 300 373.9 10−4 300 93.2 10−4 300 41.4 10−4 300 23.3
10−3 300 37.3 10−3 300 9.3 10−3 300 4.1 10−3 300 2.3
10−2 300 3.7 10−2 300 0.9 10−2 300 0.4 10−2 300 0.2
10−1 300 0.4 10−1 300 0.09 10−1 300 0.04 10−1 300 0.02
100 300 0.04 100 300 0.01 100 300 0.004 100 300 0.002

10−4 400 497.2 10−4 400 124.3 10−4 400 55.2 10−4 400 31.1
10−3 400 49.7 10−3 400 12.4 10−3 400 5.6 10−3 400 3.1
10−2 400 5.0 10−2 400 1.2 10−2 400 0.6 10−2 400 0.3
10−1 400 0.5 10−1 400 0.1 10−1 400 0.06 10−1 400 0.03
100 400 0.05 100 400 0.01 100 400 0.006 100 400 0.003

10−4 500 621.5 10−4 500 155.4 10−4 500 69.1 10−4 500 38.8
10−3 500 62.2 10−3 500 15.5 10−3 500 6.9 10−3 500 3.9
10−2 500 6.2 10−2 500 1.6 10−2 500 0.7 10−2 500 0.4
10−1 500 0.6 10−1 500 0.2 10−1 500 0.07 10−1 500 0.04
100 500 0.06 100 500 0.02 100 500 0.007 100 500 0.004

a See paper for explanation of parameters and formula.
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Figure S1: Molecular structure of benzoic acid with numeration of atoms.
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Figure S2: Reduced experimental intensity functions and background lines for benzoic acid.
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Figure S3: Reduced experimental intensity functions and background lines for iodoform.
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Figure S4: Reduced experimental intensity functions and background lines for carbon tetraiodide.
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