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ABSTRACT

The low-frequency (10—<50 cm™) Raman spectra of solid (at 300 K and 130 K) and
liquid (at 335 K} 1,4-dimethoxybenzened, and 1,4-dimethoxybenzened, have been
measured. The methyl and methoxyl torsional transitions kzve been identified and the
correspording torsionzl baiTiers calculated. Upon deuteration the methyl torsional
barrier is reduced by 450 cm™, implying a coupling betweenr: the methy] torsion and a
low-frequency ring mode. As {ar as the torsions are corsidered, the intermal dynamic
situation in 1,4-dimethoxybenzene resembles that in amisole. A tentative assignment
of the observed lattice bands is given. Certain changes in the spectzum when going from
the solid te the melt are attributed ic the coexistence of both cis and trans conformers
in the liguid state.

INTRODUCTION

In previous reports from this laboratory {1—4] we have examined the low-
freauency vibrational spectra of anisole, guaiacol and veratrole an4d their
deuterated anslogues. In these studies the methyl and methoxyvl torsions
were identified and the corresponding torsional barriers were talculated.
In the past, numercus reports have been devoted o the “restricted rotation’
in 1,4-dimethoxybénzene. Measurements cf dielectric relaxation times have
been made using various solvents and different sample temperatures [56—28]
resuliing in qualitative estirnates of the contribution of group rotation to
the overall relaxation. In addition vibrational specira [5, 8, 2387, 1°3C MMR
relaxation data [23], and high resclution solid state :3C NMR spectra [24, 25]
have been presentad, yet no direct observatiorn. of the merhyl torsicnal
mode has been reporicd. Experimnental information about the low-frequency
torsional modes is relatively scarce i general but o»f importance both for the
characterization of the potential energy hypersuriace and the force field of
the molecule. The low-freguency part of the vibrational spectrum =zlso
prevides information about the separability of initernal and exiernal modes,
and the coupling between translziional and rotationai lattice vibrations [26].
In the present study we therefore report low-frequency Raman specira cof
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1,4-dimethcxzybenzene and give assignments for the methy! and methoxyl
torsions coniirmed by deutferation.

1.4-Dimethoxybenzene-d, {Fluka AG, purum) was purified by sublima-
tion at 0.15 Tcrr and 50°C. 1,4-)imethoxybenzene-d, was prepared by
metnaylation of hydrogquinone (Merck AG, foiopur) in 20% NaOH soiwution
witl dimet: (315 1 adx_puntacrue \.\.u%ICk AG, degree of deuteration 92%). Optmum
vield of 1,4-dimethoxybenzene-d, was obtained with 1.25 mol of imethyl
sulphate-d, per mol hydroquinone. Coiumn chromatography, (Xies>lgel 50,
Merck AG) eiuting with a mixture of 70% cyclohexane and 30% aceiune and
sublimation ivas used to isolate and purily the product. The low-frzquency
Raman spectia were measured s described previously [27]. Spectrz. of solid
state samples were measured using 180° excitation. Spectra of the melt
were obtained with 90° excitation and a single-pass cuvette, situated in an
oven-type heater.

The crystal structure of 1,4-dimefhoxyvbenzene has been determined
by Goodwin and co-workers [28] and discussed by Kitaigorodskii [22). The
molecules are incorporated into the crystal lattice i.n the symmeiric trans

f Avra MTha wadsinad mte Af iroriia ~AF thao st athawval o
Iorm. i10n€ reQuceda Moments oI ILeriia i whiie J.u.cuu_); ana J.ILCMIUAJJ. pul_n:

were calculated using the molecular geometry given in ref. 28 and the expres-
sion given by Pitzer and Gwinn [30]. The torsional barriers were calculated
from the observed torsional transitions by solving the ’\/Iat'meu eguation
numerically as described previously [27].

ESULTS AND DISCUSSION

The low-frequency Raman spectra of 1,4-dimethoxybenzened, and
1,4-dimethovaejzene-d&, measured at d fferent conditions are displayed
in Figs 1 and L and the aSS‘_gnﬁ'cu'..a of the torsiona! modes are g en in
Table 1 together with the calevlated barriers.

In the spectrum of 1,4-dimethoxybenzened, a broad asymmetric band,
centered at about 280 cm™ is observed. After cooling the sample to 130 K
two distinet bands were resolved, (c.f. Fig. 1(a) and l(b)) Deccrvolution of
the ..myx..uuc..ric nand in the bycl.u[l.im mezsured at 300 K revsaled the com-
ponents at 280 em™ and 264 cm™. In the spectrum of 1,4-dimethoxy-
benzene-dg two brozad bands are observed zt 245 cm™ and 160 cm™. We assign
the bands at 280 em™ and 245 cm™ to the 5 (C—C) mode for i.4-dimethoxy-
benzene-d, and -d, respecztively. This assignment agree= with the Tesults of
Hester et al. {31] who, from a normal coordinate analysic, obiained a poien-
tial energy distribution for this mode comresponding to €5% of ring (TCCC)
torsion (cf. z2lso ref. 32). The bands at 264 cm™ and 160 cm™ we assign to
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Fig. 1. Comparison of the low-frequericy Raman specira of 1,4-dirnethozybenzened, and

+A-dinethoxybenzene<,: (a) 1,4-dimethoxybenzened,, solid at 300 K, slit 2.5 em™,
2 x 10° counts s*; (b) 1,4-dimethoxvbenzened, solid at 130 K, slit 3.4 em™, 1 X 10?
counts s7!; {(¢) 1,4-dimethoxybenzene-d, solid at 300 K, slit 3.2 em™, 1 X 10 countss™;
(@) 1,4dimethoxybenzened,, melt at 335 K, slit 3.4 em™, 5 X 197 couniss™.

the CH, and CD; torsions. The torsional barriers, given in Table 1 are about
tha same as in anicolea, and anisole-ds [27}. Upon deuteration the torsional
barrier of the methyl group is reduced by 450 cm™, indicating a coupling
beiween the methyl torsicn and the out-of-plane bending ring mode. The
coupling observed for 1,4-dimethoxybenzene is thus of the same order of
magnitude as in the case of anisole.

The spectrum of liquid 1,4-dimethoxybenzene-t!s, Fig. 1{d), discloses an
interesting new feature as compared to the spectrum of the solid, Fig. 1(c).
A band absent in the solid state spectrum, appears at 358 cm™ in the spec-
trurn of the melt. For the frans conformation the low-frequency C—X
in-plane, in-phase vibration (derived from mode 15 according to Wilscn’s
notation [33]) is a Raman forbidden transition. For the ¢is conformation
this transition is allowed, since in this case it arises from a totally symmetric
A, vibration. In the solid the molecules forming the crystal lattice exist
-exclusively in the irens conformation, whereas the proportion of cis con-
formers would be expected to rise with increasing temperature zbove the
meliing point. In addition, the allowed tramsition of the cis conformer
should be polarized, which is indeed found te be the case for the 359 cm™
band. We therefore assign this band to the C—X irn-plane, in-phase A, vibra-
tion of the cis conformer. The undeuterated cormpound behaves similerly,
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Fig. 2. Expanded Ramzn spectra of tke lattice region of 1,4-dimethozybenzened, and
1,2-d'methoxybenzened,, solid samples at 300 K: (a) 1,4-dimethoxybenzened,, slit
3.2 em™, 1 X 10% counts s7; (b) 1,4dimethoxybenzened,, slit 3.2 cm™. 53 X 10°
counus s

but the new band in the spectrum of the melt appears at 370 cm™, partly
overlapping the 380 cm™ band. To confirm the above tentative assignment,
the temperature dependence of the 359 em™ and 370 cm™ transitions
should be investigated.

The spectra of the laitice reginn recorded are shown in Fig. 2, and the
wavenumbers of the observed bands are listed in Table 2 together with the
respective assignment. According to Goodwin and co-workers [28] 1,4-di-
methoxyberzene crystallizes in the space group P, ., = Di3 with four centiro-
symmetric molecules per unit cell. The four differentlv oriented meclecules
are located at sites having the symmetry of point group C;. The ~orrelation
dizgram which relates the factor group ito the site group, and further to
the point group €., of the isclated (rigid) molecule is shown in Table 3. The
result of the factor group anaiysis is summearized in Table 4. It is seen that
the lattice bands which are a-tive ir the Raman effect are of rotational
tvoe. Deuteration: of the methoxxyl groups shifts all the bands in the lattice
region to lower wavenumbers, but the largest shift is expected o be observed
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TABLE 1

Assignment of torsional transitions (em™), and calculated barriers, V (em™), in 1,4-di-
methorybenzene and its methyl deuterzted znalogue. Solid sampies at 300 K if not other-
wise indicated

AsSigErment 1.4-Dimethoxybenzened, 1,4-Dimethoxyberzene-d,
Transition v Troensition vV

Methyl torsion 264 1e00 i60 1150
265% 1610 166P 1230

Methoxyl tersion 108 3220 99 3250

3Solid at 130 K. PMelt at 335 K.

TABLE 2

Observed transitions {(cn™) in the lattice region of 1,4-dimethoxybenzene-d, and 1,4-di-
methoxybenzene-d, together with their assisnment. Solid samples at 300 K

1,4-Dimethexybenzened, 1,4-Dimethoxybenzene-d, Assignment?

41 38 Lattice 4, B,

60_ 55 Lattice A, E_¢

= 82 Lattice 4, B.g Byg
:.09 99 Methoxy] torsion
115 113 Lattice B,5 B,

‘ Asymmetric band, consisting of several components. ©The assignmsnt of the lattice
transition to diiferent representations is tentative and based on the calculation by Harada
and Shimanouchi [41].

3

ABLE 3

Correlation diagram for the polnt group, site group and factor group of crystalline 1 4-di-
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for the m2:thoxyl torsion. In the Raman effect only the in-phase B, torsional
mode is allowed. Careful exsamination of the high-frequency edge of the
lattice region revealed a wezk broad band, partly merged with the laitice
transitions (Fig. 2). We thus obtain the transitions 199 em™ for 1,4-di-
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TABLE 4

Factor group =znalysis of crystaliine 1,4-dimethoxybenzene, spaee group Ppc, = Df._f:;
n = number of vibrations :

D.y Figgy Nacoas Foened Nrot Nyib Activity

IR Raman

Ag 30 0 [0} 3 27 — Tzy By, T2z
B, 30 G 0 3 z7 — Xy
B, 30 ] 0 3 27 — Q-
B, 30 0 0 3 27 — =1y
Aun 3 0 3 0 27 - —
B,, 30 1 2 0 27 Ty —
B.y 30 1 2 0 27 Ty —
B,y ao 1 2 0 27 T, —
Degrees

of

frcedem 240 3 9 12 216

methoxybeizene-d, and 99 cm™? for 1,4-dimethoxybenzene-ds, with the
corresponding torsional barriers 3220 cm™ and 3250 em™, or the same
barrier height within the experirnental error limits. The above assignment is
in agreement with the work of Goulon et al. [23], who assumed that broad
bands at 92 cm™? and 82 cm™ in the far IR spectrum of 1,4-dimethoxy-
benzene-d, ané 1. 4-dimethoxvylenzene-d, in the sclution arise from con-
iributions of the IR-active out-of-phase torsionzl modes of both the cis
and the #rans conformers. Of tae twelve Raman active lattice modes only
fz:*r are observed in the present study. These bancs (Table Z) correspond
rather closely fto those observed for crystalline benzene [34—40]. which
seems reasonable, because benzene also crystallizes in the space group
P,.. with four molecules per unit cell, and the laitice forces are the van
der Waals typ=2 in both cases. The lattice bands otf' 1,4-dimethoxybenzene are
rather broad, =vith a half-width of about 15 cm™. The band near 80 cm™ is
clearly asymmetric, whereas the other lattice bands with the present resolu-
tion seem symmetric. However, the polycrystalline sample and relatively
high sample temperature (130 K) used in the present study prevent a resoiu-
tion of individual fransitions. Ito et al. [40] studied the Raman specira of
benzene single crystals at 4.2 K and were able to resolve six of the twelve
Raman active transitions. In addition they found that the width of Raman
bands due to lattice vibiations decreases rapidly with decreasing tempera-
ture to abotit 1 em™? at 1.2 K. Harada and Shimanouchi [41] calculated
the lattice fregquencies of benzene using a set of hydrogen—hydrogen force
consiants, and obtiined excellent agreement with the experimentally observed
bancs. They zlso reporied the displacements of the hydrogen ztoms for
different Rzman-zctive modes. In the present case, an unambiguous assign-
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ruent of the lattice bands to different symmetry types would require oriented
s ngle crystal measurements, performed at lower temperatures than available
with our present equipment. '

CONCLUSIONS

The methyl and methoxyl torsional transitions have besn identified in the
low-frequency Raman spectrum of 1,4-dimethoxyhenzene and the respective
assignments have been confirmed with selective detiteration. The correspond-
ing internal rotation barriers have been calculated according to the Mathieu
model and compared with rrevious results for sirailar systems. Spectacular
changes in the spectrum pear 400 cm™, when going frcm solid to melt,
have been Interpreted as arising from the occurrence of both cis and trans
conformations in the liguid stafte. A factor group anczlysis has been made
indicating that all the Ramsn-active lattice modes are of rotational type.
A tentative assignment of the. lattice spectral region has been attempted for
the first time in the present series of papers. In our earlier studies the explicit
analysis of the lattice region was rendered impractical, because the crystal
structure of the investigated c b)mpounds was unknown.
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