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The Structure of 4-(Dimethylamino)benzonitrile
Using Gas Electron Diffraction: A New Lease of
Life for the Only Gas Electron Diffractometer in the

UK

Conor D. Rankinei, Jodo Pedro F. Nunesi, Tomas Lock Feixas, Stuart Young and Derek A.

Wann**

Department of Chemistry, University of York, Heslington, York, U.K, YO10 5DD
ABSTRACT

The continued demand for gas-phase structures has led to the recommissioning of a gas electron
diffractometer, formerly housed at the University of Reading. The gas electron diffractometer,
now the only one of its kind in the UK, is currently housed at the University of York where it is
now used routinely to determine directly structures of isolated molecules in the gas phase. The
instrument has been outfitted with an air-heated nozzle assembly to increase the range of
molecules accessible to study in the gas phase; the efficacy of this assembly is demonstrated in
this article via the direct determination of the gas-phase structure of 4-

(dimethylamino)benzonitrile (DMABN) at high temperature. A series of complementary



theoretical calculations using the B2ZPLYP DFT functional of Grimme et al. with correlation-
consistent basis sets of double, triple and quadruple-{ quality are also presented. The agreement
between the experimental and theoretical structural parameters attests to the accuracy of the

applied theoretical calculations and of our gas-phase structural solution.

INTRODUCTION.

The recent renaissance of the gas electron diffraction (GED) technique has been driven by the
prospect of recording ever-better gas-phase “molecular movies” in pioneering ultrafast electron
diffraction (UED)"™* experiments. GED instruments are not commercially available today and all
those that are currently in existence”™ have been built (or heavily modified from discontinued
commercial models) in-house over many years by generations of researchers. This is true of our
own GED instrument, a description of which is provided in this article. We demonstrate the
usefulness of the instrument and affirm the relevance of the GED technique via the direct
determination of the gas-phase structure of 4-(dimethylamino)benzonitrile (DMABN).

The University of York GED instrument was formerly housed at the University of Reading and
was initially commissioned in the late 1960s. During the 1990s and into the first decade of the
new millennium, Aarset, Rice and Page oversaw a particularly prolific period of operation'®" in
which many gas-phase structures of organometallics and small organic and main-group
molecules were characterized using the instrument, and collaborative work was carried out with
other electron diffractionists including Rankin'® and Hedberg.!” The instrument was acquired by

the University of York in 2015 and this article details the recommissioning of the instrument and

describes the contemporary GED experiment. The instrument has been fitted with an air-heated



sample delivery system which allows low-volatility compounds to be made accessible to study
via GED; DMABN as reported here is such an example.

DMABN is the archetypal example of the photophysical phenomenon of dual fluorescence,
first characterized by Lippert et al. in 1961."® Not only does DMABN fluoresce with two
different wavelengths (the fluorescence spectrum containing one ‘normal’ band that is slightly
Stokes-shifted and one ‘anomalous’ band that is heavily red-shifted), the fluorescence spectrum
is heavily dependent on experimental conditions such as solvent polarity (when in solution) and
temperature. There are scarcely any comparable examples in the chemical literature of such an

apparently simple organic molecule fueling such intense research activity,””" both
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experimenta and theoretica from which no concrete
conclusions have yet been drawn. In an attempt to rationalize experimental observations,
advanced theoretical methods have been put to the test on DMABN over the last decade
{MCSCF/MRPT2,**® MR-CISD,* EOM-CCSD,*® ADC(2),""* LR-TDDFT, """ among others}
and examples exist in the literature in which these theoretical methods have been coupled with
surface-hopping molecular dynamics (SHMD) simulations.”*>° The natural application of these
theoretical methods is to the gas-phase — rather than the solution-phase — photophysics of
DMABN. To the best of our knowledge, no complete and directly-obtained gas-phase structural
solution has yet been reported for DMABN in the ground electronic state, yet this is surely the
starting point for direct gas-phase structural studies of DMABN in the relevant electronically-
excited states vie UED. We are aware only of the partial gas-phase structural solutions of
Kajimoto et al.”' and Pratt et al.,’* obtained via microwave spectroscopy (MWS), and the solid-

state X-ray diffraction (XRD) solutions of Heine ef al.”> for DMABN and a range of analogous

aminobenzonitriles. As demonstrated by Mitzel et al.>*>® in a number of publications, the



differences between molecular structures in the gas phase and in the solid state are non-
negligible and are, in certain cases, notably larger than the accuracy of the theoretical methods
that are readily available today.

One of the most valuable prerequisites to a UED experiment is a pre-time-zero (ground-state)

experimental gas-phase structural solution obtained via GED; we present such a solution here.

GAS ELECTRON DIFFRACTOMETER.

The University of York GED instrument, photographed in Figure 1 and schematically
illustrated in Figure 2, comprises three modules: the column, the chamber, and the detector,
housing the electron source, sample delivery system and electron detection system, respectively.
An electron beam shutter acts as a gate valve, delimiting the column module and the chamber
and detector modules; the latter two modules are not delimited.

Vacuum System. The delimitation of the column module and chamber module allows for
differential pumping of the instrument. The column module and chamber module can be reduced
to pressures in the range of 10~ to 10™° mbar using two dedicated oil diffusion pumps (Edwards
E06 and E04, respectively) backed by a belt-drive rotatory pump (Edwards ED200). Remotely-
operated pneumatic butterfly valves (Edwards QSBSP and Edwards QSB3P) and solenoid valves

(Edwards PLV25P) regulate the pumping of the apparatus.



Figure 1. Photograph of the University of York GED instrument described in this article taken
during routine operation.
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Figure 2. Schematic illustration of the University of York GED instrument described in this
article. The electron source (A), solenoid deflectors (B), electron flight tube (C), electron beam
shutter (D), solenoid lens (E), air-heated nozzle assembly (F-Q), liquid nitrogen trap (R),
retractable scintillator screen (S), image plate magazine (T), image plate manipulator levers (U)
and crank (V), image plate lift/pneumatic actuator (W), rotating sector drive motor (X) and belt
(Y) and spacer module (Z) are indicated. Components A-Z are described in the main text.
Components associated with the vacuum system described in the main text are omitted from the
schematic for clarity.

Electron Source and Optics. The electron source (A), mounted at the top of the column
module, comprises a tungsten hairpin filament (Agar A050), photographed in Figure 3a,
tantalum Wehnelt cap, and stainless steel anode plug arranged in the classic ‘triode” electron
gun geometry. A high-voltage power supply (Start Spellman) is used to provide a variable
accelerating potential (typically set to 42.2 kV) to produce an electron beam with defined

electron emission current and electron wavelength (approximately 0.66 pA and 6.0 pm,



respectively, at 42.2 kV). Two sets of solenoid deflectors (B), photographed in Figure 3b, guide
the electron beam through a flight tube (C) and platinum collimating aperture mounted inside the
electron beam shutter (D). The electron beam shutter is photographed in Figure 3c. The

transverse profile and focal length of the electron beam is controlled via a solenoid lens (E).

Figure 3. Photographs of a) the tungsten hairpin filament and mount, b) the sets of solenoid
deflectors, c) the electron beam shutter, and d) the rotating sector.

Sample Delivery System. An air-heated nozzle, schematically illustrated in Figure 4, has been
machined to allow samples with low volatility at room temperature to be delivered into the
chamber module at the point of diffraction. The air-heated nozzle is coupled to a triple-axis
flange-mounted translator (F) and positioned such that the nozzle tip is approximately 250 — 500
um from the axis of propagation of the electron beam. A continuous flow of pressurized air (50
psi) is heated using in-line cartridge heaters and branched before circulation around the nozzle

shaft (G) and sample ampoule (H) via two air flow routes with independent air inlets (I, J) and



outlets (K, L). Two independent proportional-integral-derivative (PID) controllers regulate the
power delivered to the in-line cartridge heaters, providing reliable temperature stability of +1 °C.
A temperature gradient of at least 5 °C is typically maintained between the nozzle tip (M) and
the sample ampoule, preventing the sample from condensing inside the delivery line (N) and
blocking the flow of sample into the chamber module. The sample ampoule and the delivery line
are delimited by a needle valve (O), which allows for fine control of the gaseous sample intake.
Two clean-up apertures secured onto the nozzle shaft ensure the optimum beam quality is
achieved at the point of diffraction. The first clean-up aperture (P), 15 mm in diameter, is
positioned a few centimeters above the point of diffraction and precludes stray electrons
travelling at large angles from reaching and saturating the detector. The second clean-up aperture
(Q), I mm in diameter, is positioned a few millimeters above the point of diffraction and helps to
collimate the beam before interaction with the gaseous sample. A liquid nitrogen trap (R) is
mounted opposite the air-heated nozzle assembly. The liquid nitrogen trap condenses the gaseous
sample after interaction with the electron beam, thereby preventing secondary scattering events

and reducing the background signal.



Figure 4. Schematic illustration of the air-heated nozzle. The nozzle shaft and apertures are cut
away; expanded cross-section views of the nozzle tip and the sample reservoir are presented. The
triple-axis flange-mounted translator (F), nozzle shaft (G), sample ampoule (H), air inlets (I, J),
air outlets (K, L), nozzle tip (M), sample delivery line (N), needle valve (O), 15 mm clean-up
aperture (P) and 1 mm clean-up aperture (Q) are indicated. Components F-Q are described in the
main text.

Electron Detection System. Before data acquisition, it is possible to visually inspect the
brightness and shape of the electron beam using a retractable scintillator screen (S). During data
acquisition, diffraction on interaction of the electron beam with the gaseous sample is recorded
on reusable image plates (Fuji BAS-IP MS 2025); these image plates comprise thin polyester

films coated with barium fluorobromide grains doped with trace amounts of europium. An



individual image plate can be reused thousands of times, on the condition that they are not
exposed to intense radiation and are kept clean and contaminant-free. The image plate magazine
(T) can contain up to five image plates mounted onto aluminum holders which are cycled into
(before exposure) and out of (after exposure) the detector module manually via actuation of four
levers (U) that translate the mounted image plates within the image plate magazine and a crank
(V) that drives a conveyor belt used to translate the mounted image plates from the image plate
magazine and into position above a pneumatic actuator (W). The pneumatic actuator is located
below the detector module and lifts and lowers the plates to and from their data acquisition
position below the rotating sector, photographed in Figure 3d. The rotating sector compensates
for the steep drop-off in diffraction intensity as a function of scattering angle by shading the
inner portion of the image plate to a greater extent than the outer portion. Rotation of the rotating
sector effectively applies an 7-type function to the acquired data, where r is the distance from
the center of the diffraction data; the dynamic range of the detector is improved considerably. An
external AC motor (X) and belt (Y) drives the rotating sector at = 144 rpm. The entire detector
module is mounted on long-travel linear translator (omitted from Figure 2 for clarity) which
allows for data acquisition at two different nozzle-to-image-plate distances. For data acquisition
at the longer of the two possible nozzle-to-image-plate distances, a spacer module (Z) is added to
close the gap between the chamber and the detector; for data acquisitions at the shorter of the

two possible nozzle-to-image-plate distances, it is removed.
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EXPERIMENTAL METHODOLOGY.

DMABN was purchased from Sigma-Aldrich (ALDRICH-D139505, 4-
(dimethylamino)benzonitrile, 98%) and used without subsequent purification. GED data for
DMABN were acquired using the University of York GED instrument detailed in the previous
section of this article. An accelerating potential of 42.22 keV was applied to produce an electron
emission current of 0.66 pA and an electron wavelength of approximately 6.0 pm. The scattered
electrons were recorded via exposures of image plates (Fuji BAS-IP MS 2025) at nozzle-to-
image-plate distances of 234.5 and 487.0 mm. Three exposures were recorded at each nozzle-to-
image-plate distance. The sample of DMABN and the nozzle were heated to 371 and 393 K,
respectively, during exposures at the longer nozzle-to-image-plate distance and to 395 and 413
K, respectively, during exposures at the shorter nozzle-to-image-plate distance. A flatbed image
plate scanner (Fuji BAS-1800II) was used to digitize the scattering intensities recorded on the

image plates. A summary of the experimental conditions is found in Table S1.

THEORETICAL METHODOLOGY.

The ground-state structure of DMABN and atomic labelling scheme referred to throughout this

article is outlined in Figure 5.
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Figure 5. The ground-state structure of DMABN; the atomic labelling scheme is outlined.

All theoretical calculations were carried out using the Gaussian09 Rev. D01 software suite. The
highest-level geometry optimizations of DMABN were carried out in the Cs symmetry point
group using the double-hybrid B2PLYP®' density functional of Grimme and a range of basis sets
(cc-pVDZ, cc-pVTZ and cc-pVQZ)* of increasing completeness. Optimized bonded
internuclear distances were extrapolated to the complete basis set (CBS) limit to give theoretical
results denoted B2PLYP/CBS via fitting of the bonded internuclear distances, r;j, determined at
the B2PLYP/cc-pVDZ, B2PLYP/cc-pVTZ and B2PLYP/cc-pVQZ levels with a function of the

form:
rij(x) = rijces + fe, x € {2,3,4}

in which 7 cgs 1s the internuclear distance 7;; at the CBS limit and a and § are fitting parameters.
To establish flexible restraints for use in a SARACEN-type®® GED refinement, additional
geometry optimizations were carried out in the Cy symmetry point group using the B3LYP,**%’

B3P86,66’68 B3PW91,66’69 PBEHIPBE” and HSEHIPBE''"* density functionals and the cc-

pVDZ, cc-pVTZ and cc-pVQZ basis sets. Optimized bonded internuclear distances were
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similarly fitted with the function outlined in Eq.1 to give CBS limit theoretical results. The
characters of all optimized geometries were verified using vibrational frequency analysis and all
were confirmed to correspond to minima on the ground-state potential energy surface. Cartesian
coordinates of all optimized geometries are found in Tables S2-19.

Theoretical 7y -type amplitudes of vibration (up;) and curvilinear distance corrections (ky;)
were generated from a harmonic force field computed at the B2PLYP/cc-pVDZ level using the

SHRINK "> software package.

REDUCTION AND REFINEMENT.

Digitized diffraction patterns were reduced to molecular intensity curves (MICs) using an
azimuthal averaging routine implemented in the in-house-developed data extraction package,
xtract.”” MICs were refined using the ed@ed v3.0"® least-squares refinement package, employing
the electron scattering factors of Ross et al.”’ The weighting points for off-diagonal weight
matrices, scaling factors, and correlation parameters can be found in Table S20. The correlation
matrix can be found in Table S21. The least-squares refinement procedure used the
SARACEN®"® approach and yielded internuclear distances of the 7y, type; 7y -type internuclear
distances are related to the vibrationally-averaged r,-type distances determined directly via the
GED experiment by the relationship r,; = r, + uhlz/ral — k.

The least-squares refinement procedure employed a parameterized molecular model describing
DMABN in terms of 16 refinable parameters comprising nine distances (p; — po), five angles (pio
— p1a) and two dihedral angles (p;s and pi¢). Using simplifications that were predicted by all
theoretical results, the C; symmetry of DMABN, planarity of the benzonitrile subunit, and

linearity of the nitrile subunit were exploited in order to construct the parameterized molecular
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model such that it required as few refinable parameters as possible. A full description of this
parameterized molecular model (comprising Eq.S1-32) is found in the supplementary
information associated with this article. With the exception of the C=N bond (r10,1:; 116.0 pm,
B2PLYP/CBS), our highest-level B2PLYP/CBS theoretical results indicated that all other
internuclear distances between heavy nuclei in DMABN (712, 714, 745, Is7, T79 and 919) were
similar, being associated with a reasonably narrow range (7.7 pm) and small standard deviation
(2.6 pm). The correlation of these six internuclear distances could be expected to prove an
obstacle to an independent structural refinement; consequently, p; was defined within the
parameterized molecular model as a multiplicity-weighted average of these internuclear
distances (Eq.S1) and p, to p¢ as refinable difference parameters (Eq.S2-6). These six
internuclear distances were then represented within the parameterized molecular model as linear
combinations of p; to ps (Eq.S7-12).

Six additional non-refinable parameters, f; to fs, describing differences in internuclear distance
of < 0.5 pm and in angles and dihedrals of < 2.0° were incorporated into the model only for
structural parameters containing a combination of heavy nuclei and light nuclei in their
description.

SARACEN®® restraints were based on the values obtained in our highest-level B2PLYP/CBS
theoretical data and applied to 11 of the 16 refinable parameters with the remaining five being
allowed to refine free from restraint. Estimates of the uncertainties associated with the
SARACEN®® restraint values were derived from sequential DFT geometry optimizations using
the B2PLYP, B3LYP, B3P86, B3PW91, PBEHIPBE and HSEHIPBE functionals with the cc-

pVDZ, cc-pVTZ and cc-pVQZ basis sets.
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A full summary of the refined (7y,;-type) and theoretical (r.-type, B2PLYP/CBS) parameters p;
to p1s accompanied by uncertainties can be found in Table S22. The values of non-refinable
parameters f; to fs were established at the B2ZPLYP/CBS level and are tabulated in Table S23.

All amplitudes of vibration associated with a given peak in the radial distribution curve (RDC)
were tied using a fixed ratio to the amplitude of vibration associated with the nuclear pair that
gave rise to the largest scattering effect under that peak. Only this amplitude of vibration was
refined for each peak in the RDC. All internuclear distances, refined and theoretical amplitudes
of vibration, ry-type distance corrections, and SARACEN®" restraints (where applied) are

tabulated in Table S24.

RESULTS.

The experimentally-acquired and experimental-minus-theoretical ‘difference’ MICs are
presented in Figure 6. Fourier transformation of the MIC yields the radial distribution curve
(RDC); experimentally-acquired and experimental-minus-theoretical ‘difference’ RDCs are

presented in Figure 7.
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Figure 6. MICs and experimental-minus-theoretical ‘difference’ MICs acquired on reduction of
a) long and b) short GED data collected for DMABN.
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Figure 7. RDC and experimental-minus-theoretical ‘difference’ RDC acquired on refinement of
GED data collected for DMABN.

The Rg factor obtained for the least-squares refinement of A was 0.055; the Rp factor (which
ignores the off-diagonal elements of the weight matrix) was 0.036. For the reader unfamiliar with
the difference between the Rg and Rp factors, Ref. 80 is instructive. Refined Cartesian

coordinates for the r,;-type GED structure of DMABN can be found in Table S25.
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A visual overview of the refined experimental internuclear distances and angles is given in
Figure 8 alongside values for the same structural parameters obtained in our highest-level

B2PLYP/CBS theoretical calculations.

113.8(4)
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Figure 8. Experimental r,;-type GED (regular text) and theoretical B2LPYP/CBS (bold text)

geometric parameters determined for DMABN. All internuclear distances (upper diagram) are
reported in picometers; all angles (lower diagram) are reported in degrees.

DISCUSSION.

Uncertainties are low for all structural parameters, with internuclear distances and angles
typically being determined to within a few tenths of a picometer and a few tenths of a degree,
respectively. All internuclear distances and angles between nuclei are well-determined by GED
to 0.8(3) pm and 0.1(2)° of their theoretical values at this level, attesting to the high accuracy of
the B2PLYP functional of Grimme for this application.

In Table 1, refined experimental internuclear distances and angles are tabulated alongside our

B2PLYP/CBS theoretical calculations and data reported for crystalline and gas-phase DMABN
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in earlier X-ray diffraction (Heine ef al.) and microwave spectroscopy (Kajimoto et al.)’'
experiments, respectively.

Our structural solution exhibits qualitatively acceptable agreement with the XRD solution; all
internuclear distances between heavy nuclei are determined to 1.5(6) pm of their XRD values
and their ratios to one another (which may be qualitatively predicted in a straightforward manner
via valence bond theory) are well-conserved.

We note the minor systematic deviation towards shorter internuclear distances in the XRD
solution; all internuclear distances between heavy nuclei (with the exception of the C=N bond,
ri0.11) are shorter by a factor of 0.988(1). This deviation is documented®' and might be expected
where comparisons are made between internuclear distances derived from ryi-type approximate
equilibrium structures and from thermally-averaged reciprocal lattice positions determined in
GED and XRD experiments, respectively. It is difficult to comment on the extent to which our
gas-phase structure agrees with the MWS solution as only three structural parameters (74, 79,10
and ay 3) were reported without accompanying uncertainties.

Our comments on the three key structural subunits of DMABN — the nitrile, benzyl and

dimethylamino — follow.
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Table 1. Summary of refined (r,;) GED, theoretical (7., B2PLYP/CBS), XRD>* (recorded at 253
K) and microwave spectroscopic’’ measurements of internuclear distances” and anglesb in
DMABN.

Structural

parameter  OED (7h1) re XRD® MWS”
Fi2 146.1(2) 1449 144.9(3)° -
Fla 138.5(2) 1372 136.5(3) 137.9°
7as 142.0(1) 141.1  140.0(4) -
rs7 139.0(1) 138.1 137.0(4) -
719 140.7(1)  139.8  138.8(4) -
¥o.10 143.7(3) 1425  142.7(5) 145.4°
10,11 1138(3) 116.0 1145(4) -
Fa12 108.7(4) 108.4 96.0/ -
213 109.6(4)  109.3 96.0/ -
F2.14 109.2(4)  108.9 96.0/ -
75,18 107.7(4) 107.7 93.0/ -
7120 107.7(4)  107.9 93.0/ -
a3 119.25(61) 118.56  116.4(3) 115.7°
a4 119.27(32) 119.67 121.1(3)" -
a14s 121.30(4) 121.28 121.0/ -
dss7 121.13(6) 121.09 121.1 -
dsa6 117.39(8) 117.44 117.V -
as79 120.91(6) 120.92 121.5 -
a798 118.52(7) 118.54 117.9 -
a79.10 120.74(4) 120.73 120.3 -
a1212 108.92(8) 108.93 109.4/ -
a12.13 112.41(8) 112.42 109.4 -
12,14 111.06(8) 111.07 109.4/ -
45,18 120.42(4) 120.42 119.4 -
9720 119.50(4) 119.50 119.2 -
$s5412 7.5¢ 849 7.7 -
$a12.12 181.39° 181.39 182.2 -
$41213 121.39° 121.39 122.3 -
Ga1214 61.39°  61.39 62.3 -

“ All internuclear distances (r;;) are tabulated in picometers. b All angles (a;; ) and dihedral
angles (¢i ) are tabulated in degrees. © Presented as an average of the XRD measurements of
ri2 and 7 3. “ Presented as an average of the XRD measurements of a4 and as 4. “ No
uncertainties available; not directly refined. /No uncertainties available; measured from .cif data.

The Nitrile Subunit. The nitrile subunit appears to be decoupled from the benzyl subunit;

r9.10, connecting the two, is the longest bonded distance of the m system in both the GED
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{143.7(3) pm} and XRD {142.7(5) pm} solutions. In contrast to the XRD solution, in which a
non-zero ayg 10,11 {117.5(4)°} is reported, no deviation from linearity is observed for the nitrile
subunit in either the GED solution (if this parameter is included — it is removed for simplicity in
the final model; see Supplementary Information) or in any of our theoretical calculations.

The C=N bond, 710,11, 1s the shortest internuclear distance between heavy nuclei in in both the
GED {113.8(3) pm} and XRD {114.5(4) pm} solutions, and the only example of a bonded
distance determined shorter in the former solution than the latter. We note that our theoretical
calculations at the B2PLYP/CBS level considerably overestimate 71915, as is systematic for
multiple bonds computed using theoretical methods that incorporate perturbation-theory-like
correlation.*” Common hybrid DFT functionals generally perform only fractionally better here;
those used in this work determine rjo;; to be 115.6(1) pm. We note that basis set completion
affects 719,11 more than any other internuclear distance; for the DFT functionals used in this work,
the value of 719,11 decreases by 1.25(3) pm on transition from cc-pVDZ to CBS-quality results,
whereas all other internuclear distances decrease only by 0.84(3) pm over the same transition.

The Benzyl Subunit. Quinoidal distortion of the benzyl subunit (such that 757 < r;9 <rss) is
observed for all theoretical results and both the GED and XRD solutions. This is characteristic of
para-substituted benzyl subunits where one substituent is electron-withdrawing and the other
electron-donating; it is straightforward to predict the quinoidal distortion via valence bond
theory. All internuclear distances between heavy nuclei are well-determined by GED to within
0.9(1) pm and 2.0(5) pm of their B2PLYP/CBS and XRD values, respectively, and the ratio of
ras: rs7: ri9 18 well-conserved between the B2PLYP/CBS theoretical calculations and GED and
XRD solutions, suggesting that the geometry of the benzyl subunit is negligibly perturbed by

intermolecular interaction.
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The Dimethylamino Subunit. No discussion on the structure of DMABN is complete without
comment on the inversion/pyramidalization angle (the terms are used interchangeably in the
literature and, confusingly, often without clear definition) of the dimethylamino subunit. Here we
use the most common definition of the inversion angle, 3, which we take to be the angle between
the plane of the benzyl subunit and the plane containing N, C, and Cs;; 3 is dependent on ¢s 41 5.
Heine et al.>® reported a non-negligible 9 {10.8(2)°, 298 K; 11.9(3)°, 253 K} in their solid-state
XRD structural solution; Kajimoto ef al.’' determined a larger vibrationally-averaged 9 (15°) in
the gas phase using microwave spectroscopy, but did not place an uncertainty on this value. The
microwave spectroscopy of DMABN in the gas phase was recently revisited by Pratt et al.,”
who determined a vibrationally-averaged 9 {14.6°} that was somewhat smaller than Kajimoto et
al.,’" although a complete structural solution was not the object of their investigation and, to the
best of our knowledge, was not reported. It has proved difficult to theoretically model § at
equilibrium; familiar DFT functionals including B3LYP and B3P86 yield near-C,,-symmetric
structures with 3 = 0.0° when used with common basis sets belonging to the
Pople/Dunning/Ahlrichs families, while post-Hartree-Fock Mpgller-Plesset perturbation theory
and coupled-cluster CCSD/CCSD(T) methods, when used with the same basis sets, yield Cs-
symmetric structures for which 3 is thought to be overestimated. A compromise is found in the
double-hybrid B2PLYP functional of Grimme, with which 3 (14.3°) can be calculated in
excellent agreement with that determined via microwave spectroscopy by Kajimoto et al.”' (=
0.7° smaller) and Pratt ef al.>® (=~ 0.3° smaller), motivating our choice of this method for our
highest-level theoretical calculations. We note that the difficulty associated with measuring 9 at
equilibrium in the gas phase is likely to be a consequence of the shallow double-minimum

(95412 =18.49°; B2PLYP/CBS) profile (Figure 9) of the potential energy as a function of @541
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and the nearly non-existent barrier to inversion (< 0.1 kJ mol_l, B2PLYP/CBS) through @541, =
0.0°, the latter having been determined via optimization of this C,,-symmetric first-order saddle

point.
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Figure 9. Potential energy of DMABN as a function of ¢s 41 2, evaluated at the B2PLYP/CBS
level. The continuous line represents a quartic function that has been fitted to the datapoints.

Inversion of the dimethylamino subunit can be expected to occur on a significantly shorter
timescale (= 1 ps, estimated via vibrational frequency analysis) than that of the duration of our
measurements using the electron beam in the University of York GED instrument; vibrational
averaging consequently precluded our efforts to independently refine parameters p;s and pi¢ to
give a measure of @541, 41212, P4.12.13 OF P4.12.14. In lieu of measurements for these parameters,
a series of Rg/Rgmin. datapoints are presented in Figure 10, determined from twenty-six least-
squares refinements in which ¢s 4, was fixed at values between 0.0 and 13.0° (corresponding to
a range of 3 between 0.0 and = 21.5°). Acknowledging the Cs symmetry of DMABN, a dual-
minimum profile can be produced by reflection of the Rg/Rgmin. datapoints in the @541, = 0.0°
axis. A quartic function has been fitted to this dataset and the 95% confidence limit, representing

approximately two standard deviations (20), has been indicated.
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Figure 10. Rc/Rc min., indicative of the quality of the least-squares refinement of DMABN, as a
function of ¢s 4. The continuous line represents a quartic function that has been fitted to the
datapoints. The vertical dashed line represents ¢s 412 = 0.0°; the axis of reflection on account of
the C symmetry of DMABN. The horizontal dashed line represents the 95% confidence limit,
approximately equivalent to 2c.

The minima in the quartic function represent the values of ¢s 4, for which the best fit to the
GED data 1s observed; these minima occur at ¢s412 = £7.5°, corresponding to an equilibrium 3
of 12.7°. As predicted by our theoretical potential profile (Figure 9), which indicates that
deviation from the theoretically-determined equilibrium ¢s4 ;> is more favorable towards lower
rather than higher angles, Figure 10 indicates that the quality of the least-squares refinement
decreases less significantly when ¢s41 is set towards lower rather than higher angles. Indeed,
we note that even at ¢s41, = 0.0°, an acceptable refinement can be obtained with an Rg/Rg min.
beneath the 95% confidence limit; we are not able to determine unambiguously 9 in favor of the
Cs-symmetric pyramidalized structure and entirely rule out a hypothetical near-C,,-symmetric
equilibrium structure. Nonetheless, we note that our result for which the best fit to the GED data
is observed i1s commensurate with 9 being generally larger in the gas phase than in the solid state,
as reported by Kajimoto ef al.,”' and is in good quantitative agreement with the revised gas-phase

MWS result of Pratt et al.>*
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CONCLUSIONS.

The only gas electron diffractometer in the UK has been relocated to the University of York
and recommissioned, reestablishing the UK among the group of less than half a dozen locations
worldwide where gas electron diffraction experiments are carried out. The instrument has been
fitted with an air-heated nozzle assembly to increase the range of samples accessible to study in
the gas phase and has been introduced here alongside a description of the contemporary gas
electron diffraction experiment. In a demonstration of the efficacy of the instrument for obtaining
high-quality, gas-phase structures of isolated molecules, the structure of DMABN has been
directly determined using the gas electron diffraction technique at high temperature in
combination with complementary theoretical calculations. The agreement between experiment
and theory, which is as good as 0.8(3) pm and 0.1(2)° for internuclear distances and angles,

respectively, attests to the quality of our structural solution.

ASSOCIATED CONTENT.

Supporting Information. A summary of experimental parameters (Table S1), Cartesian
coordinates and energies of DFT-optimized geometries (Tables S2-19), a description of the
parameterized molecular model (Eq. S1-32), a summary of GED experimental parameters (Table
S20), least-squares correlation matrix (Table S21), a summary of refined and theoretical
refinable parameter values with SARACEN restraints (Table S22), a summary of fixed (non-
refinable) parameter values (Table S23), r,-type internuclear distances, refined and theoretic
amplitudes of vibration and distance corrections with SARACEN restraints (Table S24), and the

refined Cartesian coordinates for the GED-determined structure of DMABN (Table S25) may all
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