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The neutron powder diffraction and inelastic neutron scattering (INS) spectra of the electrordoceptor
complex, tetracyanoethylentatexamethylbenzene have been studied as a function of pressure to 0.414 GPa.
Using the PW91 and PBE density functional theories, the unit cell vectors were calculated as a function of
pressure and are compared to those experimentally obtained from the diffraction data. The calculated lattice
vectors display large errors at low pressures but were found to be in close agreement with the experimental
vectors at 0.414 GPa. Comparison of the experimental INS spectra of the TBMB enabled assignment

of specific vibrational modes while providing a direct measurement of the effect of pressure on the complex.
The PW91 vibrational frequency calculations reproduced both the vibrational intensities and frequencies with
relative accuracy.

Introduction about EDA complexes exists, theoretical descriptions remain

. . . . __rare and it is only in recent years several papers have appeared
The existence of several novel and unique physical properties Y y pap P

on the subject 11
of electron donoracceptor complexes, such as magnefism,

conductivity, and superconductivibhas generated considerable  Solid-state quantum chemical calculations are routinely used
interest in recent years. It has been discovered that throughto examine the properties of solids, interfaces, and surfaces for

control of external parameters such as temperature, pressure? Wide range of material classes and offer new hope in solving

and magnetic field strength, the magnitude of these propertiesdifficult quantum chemical problems that require more param-

can be tuned.Although these materials are rapidly gaining eters than can be included in an isolated molecule simulation.
extensive employment as integrated circuit components andBY USing & combined theoretical/experimental approach, the

sensors for mobile phondsyidespread potential exists for other ~2ccuracy of these theoretical methods has greatly improved in

applications. These complexes have been experimentally charfecent years. Inelastic neutron scattering (INS) spectroscopy is

acterized for many years, yet much of the chemistry and physics@ ViPrational spectroscopic technique commonly employed as
of these materials that result in such unusual properties is just® fundamental test of theoretical methods. Inelastic neutron

now being discovered. For new applications to emerge, it is scattering spectra can be directly correlated to the normal mode
necessary to first gain a deeper understanding of the fundamentafigenvectors, which are part of the standard output of an ab
characteristics of these materials, such as the relationship!Nitio Simulation. The large scattering cross-section of hydrogen
between intramolecular and intermolecular interactions, the &N be exploited to obtain a vibrational spectrum that reveals

internal conformation, relative orientation, and vibrational Primarily hydrogen motion. The intensity of all lattice and
behavior. molecular vibrations observed in the spectrum is directly

Electron donoracceptor (EDA) complexes are typically Proportional to the sum of the squares of the hydrogen
weakly interacting compounds that are formed when a donor displacement vectors for a particular normal mode of vibration.

molecule,D, donates an electron to an acceptor molecAlg, Numerpus recent invelstig.ations. comparing INS vibrational and
The bonding arrangement in the solid-state is governed by theoretical spectra exist, including a recent report on an EDA
electrostatic forces, and in most cases, the donor and acceptof®MPlex formed betweenlgtetracyanoqulnodlmethane (TCNQ)
molecules are arranged in stacks consisting of alternating donor?d hexamethylbenzefe.

and acceptor ions. The stacks are held together by weakly The focus of this work concerns the electron doenacceptor
interacting van der Waals forces. The open-shell character of complex formed between tetracyanoethylene and hexamethyl-
EDA complexes commonly results in electreglectron, elec- ~ benzene (TCNEHMB), shown in Figure 1. At room temper-
tron—phonon, and spin coupling in the solid-state, as well as a ature, X-ray diffraction shows equally spaced TCNE and HMB
variety of electronic instabilities, such as Mott, Peierls, and Molecules arranged in a DADADA arrangement with an

spin—Peierls transition& Although vast experimental knowledge ~ intermolecular spacing of 3.35 R This spacing decreases to
3.28 A at 113 K21 The TCNE-HMB complex has been subject
* Corresponding author. Address: 100 Bureau Dr., MS 8562, Gaithers- 10 extensive experimental characterization using X-ray diffrac-
burg, IL\A@D 2|0899- T_fleli (301) 975-6082. Fax: (301) 921-9847. E-mail: tion,2%2! optical absorption spectroscop¥;>* infrared spec-
JClezal arl.army.mil. 5—-30 1 37 i i
T National Institute of Standards and Technology. troscopy; R"?‘ma” scatterirfy =7 and most recently, inelastic .
£U.S. Army Research Laboratory, Weapons and Materials Research N€utron scatterindf Several attempts have been made to obtain

Directorate. an accurate theoretical representation of the complex, but many
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molecule from the site symmetry occupied in the atmospheric
pressure crystal structufeéThis shift was expected to be at, or
near, the resolution limit of the X-ray diffraction structure; thus
no crystallographic analysis was undertaken at that time. As
such, it seems justified to seek an understanding of the pressure
dependent physical properties of the TCNEMB complex.

We report here the results of neutron diffraction, inelastic
neutron scattering, and theoretical studies of TCHMB
compressed to 0.414 GPa at 50 K. Our neutron diffraction
studies to 0.414 GPa show a much higher compression of the
b axis, relative to thea andc axes. Large errors are observed
in the calculated unit cell vectors, which systematically decrease
as the pressure increases. Presumably, these errors in the unit
cell vectors reflect the lack of van der Waals’ forces imple-
mented in current density functional theory (DFT) functionals.
This phenomenon has also been reported during crystal structure
predictions of energetic materiaf&Vibrational modes for the
solid-state TCNEHMB complex under pressure were gener-
ated using density functional theory ab initio quantum mechan-
ical calculations. Good correspondence between the calculated
modes and experimentally obtained spectra allowed the assign-
ment of vibrational modes to the experimentally observed INS
peaks.

Materials and Methods

Experimental Details. Tetracyanoethylene and hexameth-
ylbenzene were obtained from Sigma Aldrich and used without
further purification. The EDA complex, TCNEHMB, was
synthesized according to previously published methi&dgp-
proximately 1.5 g of the TCNEHMB complex was ground
into a fine powder and loaded into a cylindrical aluminum
pressure cell and placed into a top-loading cryostat. The
polycrystalline powder was held at 50 K for the duration of the
experiments. The pressure cell used for these experiments is
constructed from a 40 mm diameter cylindrical piece of
aluminum and is able to reach a maximum pressure of 0.414
GPa. The sample compartment is a cylindrical opening 5 mm
in diameter and 45 mm long. One end of the cell is sealed using
a steel ball and screw mechanism and the other end is connected
to the pressure intensifier by a stainless steel capillary. Specific
details concerning the method for pressurizing the cell can be
found at the NIST Center for Neutron Research weldgite.

Neutron Powder Diffraction. Angle-dispersive neutron
powder diffraction experiments, using a neutron wavelength of
Figure 1. Molecular geometry of the TCNEHMB complex shown 1.5402 A’ were ca'rrled out at the BT-1 thlrty-two-(:!etector
(a) in the unit cell and (b) as an expanded view showing the stacking neutron powder diffractometer at the National Institute of
arrangement. Standards and Technology Center for Neutron Research (NCNR)

in Gaithersburg, MD. The Cu (311) monochromator was
of these studies have been limited due to use of an isolatedemployed for all of the experiments described herein and data
complex as the model for the simulatioh®:38 Recent solid- were collected over the range-368° 26 for approximately 24
state calculations have demonstrated the importance of includingh at each pressuf@ The General Structure Analysis progrém
the intermolecular interactions to obtain an adequate descriptiongraphical user interface EXPG¥lemploying Rietveld refine-
of the TCNE-HMB complexZ° ment was used to obtain the unit cell parameters in thaeB

Optical absorptiof?~*4 and infrared spectroscoffy*®> have 20 and 46-165 20 ranges. Diffraction between 3&Gnd 46
been used to characterize pressure-induced changes of th@6 is dominated by two intense aluminum diffraction peaks,
TCNE—HMB complex in solution and the solid-state, respec- which represent the (001) and (111) crystal planes of the
tively. Optical spectra obtained as a function of pressure pressure cell. The parameters used for the initial refinement of
indicated an increase in the ionic character of TEGNE the TCNE-HMB complex at atmospheric pressure and 50 K
HMB.3%-44 This is corroborated with the IR data that showed were obtained from the Cambridge Structural Database and are
all vibrational frequencies linearly increase as a function of as follows: space groug P1,a=6.563 A,b=8.614 A,c=
pressuré*4SInterestingly, the intensity of the=€C (Ag) band 8.656 A, o = 108.22, 8 = 102.6F, y = 111.74,Z = 1. At
of TCNE increased almost 5 times between 0 and 10 GPa. Theall other pressures, the initial refinement parameters were the
increase in intensity as a function of pressure for this particular final results obtained in refining the diffraction pattern of the
vibration was proposed to be due to a subtle shift of the TCNE next lower pressure.
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Inelastic Neutron Scattering. Inelastic neutron scattering
spectra were collected between 40 and 1200%¢on the Filter
Analyzer Neutron Spectrometer (FANS) located at BT-4 at the
NIST Center for Neutron Research, through the use of both the
copper (Cu (220)) and pyrolytic graphite (PG (002)) mono-
chromators. The scattered neutrons were collimated with 20/
20 min of arc divergence prior to inelastic scattering by the
sample. The scattered neutrons first passed through a bismuth
filter that removes any spurious Be-phonon excitations and then
Bragg cutoff filters of polycrystalline beryllium and graphite
that remove all neutrons with energy greater than 1.8 meV.
Though the FANS instrument is capable of scanning fred2
to 1700 cn1l, this experiment focuses only on the-40200
cm~! range. More specific details are available regarding the
FANS instrumen®! All experimental INS spectra presented in
this paper were normalized for background scattering using the
Data Analysis and Visualization Environment (DAVE) pro-
gram?®2

Computational Details. The calculated crystal parameters
and normal modes of vibrations were obtained as a function of
pressure using the Vienna Ab Initio Simulation Package
(VASP) 53 The lattice parameters were obtained as a function
of pressure using both the Perde®urke—Ernzerhof (PBE
and PerdewWang 91 (PW9ZP functionals. Only the vibra-
tional results using the PW91 functional are presented here, as
we were unable to obtain reliable vibrational frequencies using
the PBE functional. Vanderbilt ultrasoft pseudopotentials (BSP)
and MonkhorstPackk-point generation methods were used
for all calculations. Calculations were run at 280, 330, 430, 495,
545, and 645 eV to test for convergence, which was noted at
545 eV.

In all calculations, no symmetry restrictions were imposed.
At atmospheric pressure, the calculations were started from the
unit cell and structural parameters listed in the Cambridge
Structural Databas®.The electronic energies were allowed to
converge to 2.0x 107% eV and the structure was considered
converged once the difference in free energy between gradient
steps was less than 2:0 105 eV. Calculations were done at
0.138, 0.276, and 0.414 GPa to coincide with our experimental
measurements. These calculations were started from the opti-
mized structures obtained from optimizing the structure of the
next lowest pressure. The optimized molecular geometries were
then used to determine the Hessian matrix and the vibrational
frequencies of the TCNEHMB complex via the finite differ-
ence method. The theoretical inelastic neutron scattering spectra
were constructed from the normal mode eigenvectors using the
A-Climax program v.5.1.37:58

Results and Discussion

Unit Cell. Neutron diffraction patterns were obtained for the
TCNE—HMB complex as a function of hydrostatic pressure to
0.414 GPa. Because only the first twenty peaks of the
experimental data were available for refinement, it was not
possible to assign the atomic coordinates to each molecule in
the asymmetric unit cell using Rietveld analysis. Therefore, we
will not discuss the accuracies of the calculated molecular
geometries. Instead, this section will focus on the accuracy of
the calculated unit cell parameters as a function of pressure.

The experimental unit cell parameters are reported in Table
1 as a function of pressure. The unit cell parameters and volume
obtained at 50 K (0 GPa) are similar to the parameters and
volume reported at 113 R The volume decreases by 0.24%
upon cooling from 113 to 50 K. As expected, the overall
experimental volume of the unit cell decreased with increasing
pressure from 398.6263kat 50 K (0 GPa) to 377.221 Fat

J. Phys. Che

TABLE 1: Unit Cell Parameters of TCNE —HMB at 113 K2° and as a Function of Pressure at 50 K As Determined in This Study

0.138 GPa (50 K) 0.276 GPa (50 K) 0.414 GPa (50 K)

0 GPa (50 K)

113 K

exp PBE PW91

PBE PW91

exp
6.487(4)

8.492(9)
8.516(6)

PWO1
6.908(0)

8.833(3)
8.714(5)

PBE
7.044(1)
8.941(6)
8.821(0)

exp
6.560(3)
8.632(5)
8.634(2)

PWO1
6.987(0)
8.716(3)
8.891(7)

PBE
7.214(5)
8.896(3)
8.938(2)

exp
6.563(1)
8.634(0)
8.638(3)

exp
6.563(2)
8.614(2)
8.656(1)

param

0&

103.505(8(3) 103
375.25

6.460(@
8.350(3)
8.497(Q)

106.989@9(1) 1
111.7776)(2) 118

6.433(1)

8.325(2)

8.472(9)
371.943

6.465(1)
8.365(6)
8.509(2)
106.993(2)
103.506(3)
111.766(5)
377.002

107.527(1)
103.124(4)
111.379(2)

6.542(8)

8.772(1)

8.616(3)
380.416

6.617(2)
8.861(6)
8.690(1)
107.535(2)
103.126(7)
111.375(4)
418.609

107.530(1)
103.128(1)
111.381(6)

385.330

108.296(1)
102.665(3)
111.813(6)

433.332

108.306(7)
102.679(4)
111.814(3)

452.639

108.292(0)
102.672(6)
111.806(2)

397.723

108.327(1)
102.694(3)
111.806(6)

441.058

108.015(1)
102.737(8)
111.820(5)

468.427

108.294(5)
102.682(6)
111.804(3)

396.882

108.22(2)
102.61(2)
111.74(2)

399.597

a(A)
b (A)
c(A)
o (deg)
B (deg)
v (deg)
vol (A3)

No. 10, 2008761



3762 J. Phys. Chem. A, Vol. 110, No. 10, 2006 Ciezak and Léa

a 150000 -
1 [q £
125000 | ﬁﬂv&l
1 ff
! 0.414 GPa
R Y %‘\"'\w\f A
- ['...
3 { i il ‘*&’.ﬁw"ﬂ‘
ok ] hx ! it
2 75000 4 sty Iy |
2 AL ¥, ; 0.276 GPa
I I i " Iy
£
500004  fuah i B '
figte W ;g 0.138 GPa
25000  fpN _ )
Wil B 0GPa
0 L I I L) 1 L 1 L 1 ] 1
0 100 200 300 400 500 600
Wavenumbers (cm’’)
b 125000 -
100000 0.414 GPa
'WW%H
S 75000 -
LS 0.276 GPa
E\ 4
w
c
% 50000 _WNMW
0.138 GPa
25000 -}
0 GPa
0 + - 1 1 T T + 1 + 1
600 700 800 900 1000 1100 1200

Wavenumbers (cm™)

Figure 2. Experimental INS spectra of the TCNEEHIMB complex collected on the FANS instrument at 50 K in the spectral ranges{&)®@
cm ! and (b) 606-1200 cntl. Spectra are shown as a function of pressure and are offset for ease of comparison.

0.41 GPa. This corresponds to a 5.37% decrease in the volumeusing both functionals. The RMS values at 0 GPa (50 K) are
of the unit cell. As is shown in Table 1, the compression of the 0.333 (PBE) and 0.205 (PW91). The RMS values decreased
b axis increased sharply between 0.138 and 0.276 GPa inslightly to 0.246 (PBE) and 0.167 (PW91) at 0.138 GPa. The
comparison to thea and ¢ axis. The higher compression RMS values systematically declined as the pressures increased,
exhibited by theb axis implies that the entire unit cell with values of 0.175 (PBE) and 0.124 (PW91), at 0.276 GPa.
compresses anisotropically. This effect is not uncommon in At 0.414 GPa, the calculated parameters were in close agreement
layered materials, and in the TCNEIMB complex theb axis with the experimental parameters and the RMS deviations are
lies in the direction perpendicular to the stacked layers. These0.026 (PBE) and 0.009 (PW91). The magnitude of the errors
layers are held together only by weak van der Waals’ interac- in the calculated cell vectors is clearly reflected in the RMS
tions. Therefore, one would expect thalirection of the unit deviations between the experimental and calculated volumes.
cell to be much more compressible than either ¢her c The PBE method yielded volume measurements with percent
direction of the unit cell. errors of 18.2% (0 GPa), 12.9% (0.138 GPa), 8.6% (0.276 GPa)
The calculated unit cell parameters as a function of pressureand 1.3% (0.414 GPa). Slightly smaller RMS deviations in the
using the PBE and PW91 methods are summarized in Table 1.cell volume were obtained with the PW91 method. The RMS
The observed errors for the experimental lattice parametersdeviations were 11.3% (0 GPa), 8.9% (0.138 GPa), 1.3% (0.276
derived as a function of pressure are provided in the SupportingGPa) and 0.3% (0.414 GPa) with the PW91 method.
Information, Table S1. Comparison of the calculated unit cell It has been proposed that overestimation of lattice vectors
parameters and the experimental parameters reveals large errorarises from lack of proper van der Waals forces in current DFT
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TABLE 2: Experimental Peak and Theoretically Determined Vibrational Mode Energies of the TCNE-HMB Complex,
Corresponding to Peaks Observed in the INS Spectra between 40 and 1200 chCollected under Both Ambient and
Pressurized Conditions at 50 K Using the FANS Instrumertt

0 GPa 0.138 GPa 0.276 GPa 0.414 GPa
INS PW 91 INS PW 91 INS PW 91 INS PW 91 mode'ho. molecular motion
5 7 8 12 1 HMB-TCNE twisting
30 35 40 51 52 2 HMB-TCNE sliding

44 40 54 56 52 58 58 58 3 HMBTCNE stretching

54 60 NR 57 59 60 62 62 4 HMBTCNE tilting

64 64 67 67 75 73 78 75 5 HMBTCNE tilting

73 79 77 76 84 81 89 86 6 HMBTCNE tilting

85 82 96 96 94 99 97 99 7 HMB GHwist and TCNE C-C=N out-of-plane torsion

91 93 102 104 107 108 108 112 8 HMB etdist and TCNE G-C=N out-of-plane torsion

99 101 110 109 116 117 116 125 9 HMB etwist and ring deformation
108 110 127 126 133 135 135 131 10 —C=Nbend
121 120 134 133 142 145 141 146 11 Methyl torsion
133 137 140 145 147 149 154 156 13 —C=N bend
138 143 145 146 153 153 NR 157 14 methyl torsion art0=N in-plane torsion
145 150 151 147 158 163 161 161 15 methyl torsion
155 154 156 157 167 168 167 168 16 TCNE scissor mode
158 157 161 160 172 182 177 176 17 methyl torsion
163 159 165 162 177 184 181 183 18 =N bend and 2y
169 168 172 173 181 185 190 192 19 methyl torsion
174 170 177 178 188 186 NR 193 20 methyl torsion
190 182 200 197 195 196 199 198 22 ring deformation
193 193 203 200 202 204 205 205 23 ring deformation
208 208 206 210 212 215 217 217 24 £brsion
220 218 221 222 224 227 226 226 25 ring deformation and tGtsion
226 227 NR 228 228 230 230 231 26 ringCH; bending out-of-plane
236 235 236 235 236 239 238(sh) 237 27 rinGH; bending out-of-plane
249 249 245 250 251 (sh) 253 251 (sh) 250 28 —Q@=N bend
256 255 266 256 258 261 260 260 29 rin@H; bending in-plane
269 267 271 263 NR 267 271 272 30 ringCHs bending out-of-plane
284 282 281 279 284 282 286 284 31 rin@H; bending in-plane
288 288 288 286 288 289 291 290 32 rin@Hs bending in-plane
302 (sh) 301 299 303 NR 295 306 304 33 —C=Nbend
314 313 314 317 314(sh) 311 316 318 34 —C=N bend
321 321 326 327 331 327 341 (sh) 340 36 —C-Crocking (TCNE)
340 (sh) 339 344 (sh) 341 343 340 347 347 35 methyl torsion
343 344 347 347 352 350 352(sh) 352 37 methyl torsion
360 357 362(sh) 359 363 364 365(sh) 368 38 1sbenzene-like mode Wilson scheme
367 (sh) 366 368 363 NR 371 373 372 39 —C=N bend
373 375 375 382 378 382 378 381 40 —C=N bend
380(sh) 378 396(sh) 394 396 393 396 (sh) 395 41 Methyl torsion
401 399 401 400 404 401 404 403 42 methyl torsion
409 408 409 414 409 409 409 411 43 out-of plane ring deformation
417 416  425(sh) 424 425 425 428 428 44 in-plane ring deformation
423 425 430 433 441 437 NR 441 45 —C—C rocking (TCNE)
444 446 447 448 447 446 447 449 46  —CHsdeformation
467 466 469 467 473 (sh) 471 476 475 47 out-of plane ring deformation
479 480 481 483 484 488 487 484 48 in-plane ring deformation
487 486 487 489 490(sh) 496 499 (sh) 497 49 —@-Crocking (TCNE)
494 492 496 500 502 500 NR 510 50 —C—Cwagging (TCNE)
520 518 517 519 NR 521 517 518 51 —C—Cbend
533 534 533 534 530 533 527 532 52 —C=Nbend
546 545 546 543 546 549 546 547 53 —C—C bending (TCNE)
572 574 572 570 569 573 578 575 54 —C—C wagging (TCNE)
586 (sh) 588 589 593 593 596 589 (sh) 583 55 —stretch (TCNE)
600 602 610 607 614 612 615 617 56 £it-of-plane deformation
637 639 640 646 640 646 644 649 57 wviowilson benzene
667 665 667 (sh) 663 671 668 671 675 58 =W stretch
683 685 683 677 683 682 683 689 59 =W stretch
704 703 708 699 708 703 712 719 60 =W stretch
720 720 733 726 734 739 738 740 61 ring breathing
738 736 742 741 742 750 747 755 62 —C—Cwagging (TCNE)
756 755 760 761 756 762 760 767 63  —C stretch (TCNE)
774 (sh) 771 774 769 775 778 779(sh) 782 64 ring breathing
784 787 784 783 788 789 789 791 65 £it-of-plane deformation
810 812 818 814 823 829 829 827 66 rockingsiiplane
844 842 844 845 859 851 860 858 67 rockings@tdt-of-plane
856 855 870 865 871 872 876 878 68 bending; Gtt-of-plane

876 (sh) 878 882 884 887 891 893 895 69 bending iGkblane
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TABLE 2 (Continued)

0 GPa 0.138 GPa 0.276 GPa 0.414 GPa
INS PW 91 INS PW 91 INS PW 91 INS PW91 modeho. molecular motion

887 885 904 900 898 906 909 911 70 ghit-of-plane deformation

916 915 927 927 930 (sh) 922 933 (sh) 927 71 bendingiGiglane

939 940 951 942 951 (sh) 944 NR 957 72 =R stretching (TCNE)

970 971 970 966 970 974 NR 984 73 —CHz stretch and Ckldeformation

989 984 995 992 996 996 996 998 74 14l¥enzene-like mode Wilson scheme
1015 1015 1022 1025 1029 1030 1029 1031 75 rocking @Htof-plane
1042 1043 1043 1039 1043 1040 1043 1043 76 rocking iGHplane
1050 (sh) 1050 1056 (sh) 1051 1070 1067 1078 1079 77 rockingréGplane
1065 1065 1078 1075 1085 1085 1100 1106 78 o benzene-like mode Wilson scheme
1072 (sh) 1073 1085 1089 1107 (sh) 1100 1110 1118 79 bending@tbf-plane
1155 1157 1178 1180 1187 1188 NR 1188 80 =NCstretching

2 The assignments of the molecular motions are similar to that previously repdrtedolecular modes are numbered according to ref 10.
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Figure 3. Comparison of the experimental INS spectrum at 50 K (0 GPa), shown with experimental error bars, and the calculated INS spectrum
(solid line) shown in the (a) the-8800 cnT* and (b) 306-1200 cnT? spectral ranges. Spectra are offset for ease of comparison.

functionals?® In the case of the TCNEHMB complex, the crystal together. As pressure increases, the error decreases
largest error in the individual lattice vectors is observed for the because the stacks are forced into a closer packed arrangement
b lattice parameter. Along thie axis, as previously discussed, and the electron densities begin to overlap. Bothahendc

van der Waals forces are largely responsible for holding the lattice vectors systematically decrease as pressure increases.
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Figure 4. Comparison of the experimental INS spectrum at 0.138 GPa, shown with experimental error bars, and 50 K and the calculated INS
spectrum (solid line) shown in the (a}-300 cnT and (b) 306-1200 cnT! spectral regions using the PW91 functional. Spectra are offset for ease
of comparison.

Although the calculated lattice vector slightly increases in  assignments of the TCNEHMB complex as a function of
length between 0 and 0.138 GPa, this correctly models the pressure, that several vibrational modes, in particular methyl
experimental behavior. Above 0.138 GPa, the length oftthe  torsions, have large vibrational shifts of 15 chor more. The
vector decreases. At 0.414 GPa, the values of all lattice two intense bands at 121 and 169 ¢nn the 0 GPa spectrum
parameters agree relatively well with experiment. . correspond to those at 141 and 1907énn the 0.414 GPa
Molecular Vibrations. The inelastic neutron scattering spectrum, with vibrational shifts of 20 and 21 chrespectively.
spectra of the TCNEHMB complex obtained at 50 K are | 500 red shifts have been suggested to result from of an

shown in Figure 2 as a functlon of pressure. T_he Spectra are;, - aase in the ionic character of the EDA complex and the
offset for ease of comparison. At low frequency, in the spectral __. o L
existence of a phase transition, termed the neutral-to-ionic

f 46-300 cnT?, the INS t h terized b o .
range o em , the specita are characterized by transition, has been reported at higher pressures for several EDA

several strong vibrational modes atop a broad envelope of N o .
intensity, which tails off to higher frequency. As is shown in complexe$? In contrast to the large vibrational shifts at 120

the literature, this vibrational pattern is characteristic of hexa- @nd 169 cm, the two methyl torsion modes ca. 220 ¢h{0
methylbenzene, which has several intense methyl torsions andPa) and 401 cnt (0 GPa), are only slightly affected by
phonon modes in this vibrational regiéh. pressure application and vibrational shifts of only@cnr?

The center of the broad band at 0.414 GPa is not noticeablyare observed. These relatively small shifts can likely be
shifted relative to that at 0 GPa, but it can be shown through attributed to the intrinsic width of these vibrational bands in
close examination of Table 2, which details the vibrational the INS spectra, as a result of overlapping of the fundamental
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Figure 5. Comparison of the experimental INS spectrum at 0.276 GPa, shown with experimental error bars, and 50 K and the calculated INS
spectrum (solid line) using the PW91 functional shown within the (@3@0 cnt? and (b) 306-1200 cn?! spectral ranges. Spectra are offset for
ease of comparison.

vibrations with combination and overtone bands, leading to a attributed to a methyl deformation, which shows slight evidence
smaller peak shift than is actually present. of vibrational splitting at 0.276 GPa. Because no other vibra-
Slight differences in the vibrational patterns as a function of tional modes are found in close proximity, factor group splitting
pressure are also observed in the regions near 350, 375, andould cause the splitting of this vibrational band, as symmetry
440 cntl. The relatively intense broad peak attributed to two related methyl groups are forced to reside in different environ-
methyl torsions ca. 340 and 343 chat 0 GPa split into two ments as pressure increases.
distinct bands at a pressure of 0.276 GPa. The two methyl DFT Calculations. The INS experimental frequencies and
torsions at 373 cmt (0 GPa) and 380 cnt (0 GPa), which calculated vibrational frequencies were used to investigate the
appear as a single strong band near 375'¢also show splitting symmetries associated with the pressure-induced changes ob-
at 0.138 and 0.414 GPa. The evolution of the vibrational modes served in the TCNEHMB complex. Table 2 presents a
between 346350 and 376-380 cn! as a function of pressure  comparison of the observed and calculated frequencies of the
is a direct result of the changing geometry of the methyl groups. TCNE—HMB complex as a function of pressure. Descriptions
As pressure increases, the staggered arrangement of the methydf the molecular motion for the normal modes in the region
groups, which is found at ambient conditions, becomes more studied are also presented in Table 2. These assignments of
pseudoplanar in nature. This, in turn, results in differing degrees molecular motion are in close agreement with previously
of vibrational shifts. The vibration near 440 cincan be published dat® and the INS vibrational frequencies calculated
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Figure 6. Comparison of the experimental INS spectrum, shown with experimental error bars, at 0.414 GPa and 50 K and the calculated INS
spectrum (solid line) in the (a)-8B00 cnt! and (b) 306-1200 cn1! spectral regions. Spectra are offset for ease of comparison.

with the PW91 functional closely model the experimental INS A comparison of the calculated and experimental frequencies
data for all pressures studied. At 0 GPa, the rms value is 2.41summarized in Table 2 and Figures-@ reveals, in general,
cm~1. The corresponding rms value at 0.138 GPa is 3.68'cm  good frequency and intensity agreement between calculation
The rms value increased slightly to 4.03 and 3.31%&at 0.276 and experiment. The calculations presented in this paper are
and 0.414 GPa, respectively. somewhat limited in the sense that they do not include
Individual comparisons of the experimental and calculated vibrational intensity from the external lattice modes of the
INS spectra are shown in Figures8 as a function of pressure. ~ complex, which is reflected by the absence of strong phonon
A comparison of Figures 3 and 6 shows the intensities of the bands below 200 crit. To further improve upon the agreement
calculated INS spectra change significantly upon pressure Of calculation and experiment, it will be necessary to perform
increase, while the intensities of the experimental spectra remaina full crystal calculation on a “supercell”.
virtually the same. This is particularly apparent in the spectral  Six intermolecular vibrational modes were predicted for each
region between 800 and 900 cina region that is characterized pressure. The HMBTCNE stretching vibration was predicted
by several out-of-plane motions of the methyl groups. Because at 40 cnt! at 0 GPa and was experimentally observed at 44
the intensity of an INS transition is dependent upon hydrogen cm~1. Under pressure, the vibration experimentally red-shifted
displacement, an increase in calculated intensity indicates theto 58 cnt?, with a calculated value of 58 cth Three HMB-
calculated molecular geometry is slightly different from the true  TCNE tilting modes were experimentally observed at 54, 64,
crystal structure. However, this can only be confirmed through and 73 cm?® at 0 GPa, with calculated counterparts of 60, 64,
a high-resolution crystallographic analysis, which is beyond the and 79 cm?, respectively. These vibrations, at 0.414 GPa,
scope of this paper. shifted to 62, 78, and 89 crhwith calculated values of 62, 75,
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