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ABSTRACT 

The io-*--frequency (10-450 cm-l) Raman specka ol solid (at 300 K and 130 K) and 

liquid (at 335 K) 1,8-dimethonybenzene-d, and I,~-dirlletho~~benzene~~ have been 
me-red. The methyl and me+Lhoryl +Brsiorzl kansitions have been identified and the 
corre.spoKding torsional baxiers calculated. Upon deuteration the me&y1 tolsionzl 
barrier is reduced by 450 cm-I, tiplying a coupling between the methyl torsion zmd a 

low-frequency ring mode_ As far as the torsions zre coxxidered, the internal dynamic 
&u&ion in l,.+dimethosybenz~ne resembles that k z~~kole. A ter~+ative assisment 

of the observed lattice bands is &en. Certain changes in ?he spechtm when going from 
the slid to the me!t are attributed to the coexistence of both cis and hans conformers 
in the liquid state. 

In previous reports from this laboratory [1--4j wz have examined rhe low- 
frequency vibbrationai spectra of anisole, guaiacol and veratrole and their 
deuterated analogues- In these studies the methyl and methosyi *arsions 
were identified and tie corresponding torsional barriers were. eakalated. 
In the past, numerous reports have been devoted to the “restricted rotation” 
in 1,44imethosybenzene. Measurements cf dielectric reiaxation times have 
been made using various solvents and different sample temperatires [5-231 
resulting in qualitative estimates of the contribution of group rotation to 
the overall rekation. In addition vibrational spectra [5, 3, 231, 13C! X&S 
relaxation data [ 231 I and high resolution solid static? i3C NMR spectra 124,253 
have been presented, yet no direct observation. of the methyl *~rs!onal 
mode has been repor%& Experimental Lnformdiion about the low-frequcmcy 
torsional modes is relatiely scarce kr general but 4 importance both for the 
characterization of the potential energy hypersunface and the force field of 
the molecule. The low-frequency p-art of the vibrational spectrum dso 
provides information about the ser;arability of iniernal and ex!emal modes, 
and the coupling between translktionzl and rotational MAice vib?ations ]26] _ 
In the present study we therefore report low-frequency Ram;m spectra of 
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1,Pdimethcxybenzene and give assignments for the methyl and methoxyl 
torsions confirmed by deuteratioll. 

EXPERIMSNTAL 

l-4-DimethoxybenzeneO (Fluksa AG, purum) was purified by sublima- 
tion at 0.15 Torr and -50°C. 1,d-;~irr.et~oxybenzene-6, 72s prepared by 
metiylation of hydroquinone (3Serr.k AG, fotopurj in 20% NaOH .stiiation 
witl dime?.hyl sulphatRd& (Merck AG, degree of deu’teratiGn 99550). Optimum 
yielli of 1,4dimethoxybenzene& was obtained with i-25 mol of Amethyl 
sulpha+&, per mol hydroquinone. Coiumn chromatography, (Kies+!gel 50, 
Merck AG) eluting with a mixture of 70% cyclohexane a?d 30% acei une and 
sublimation >yas used to isolate and purii’y the product. The low-frequency 
Raman spectra were measured 2s described previously 1273 -. Spectr:. of solid 
stat& samples were measured i;si.ng 180” excitation. Spectra of r-he melt 
we1.e obtained with 90” excitation and a single-pass cuvette, situatizd in an 
oven-type heater. 

The crystal structure of 1,4dimethoxybenzene has been determined 
by Goodwin and co-workers [ 283 and discussed by Kitaigorods&ii [ 293. The 
moiecules are incorporated into the crystal lattice in the symmetric trans 
form. The reduced moments of tier& of the methyl-and methoxyl tops 
were calculated using the molecular geometry given in ref. 28 and the expres- 
sion given by Pit.zer and GwiZnn [30]. The torsional harriers were calculated 
from the observed torsional transitions by solving the Mathieu equation 
numerically as described previously 127j. 

RESULTS _4XD DISCUSSIOM 

The lo\+frequency Raman spectra of 1,4_dimethoxyber;zened, and 
1,4-dimethoxybellzene-d,, measured at d:fferent conditions are displayed 
in Figs. 1 and 2, and the assignments of the torsional modes are given in 
Table 1 together with the calcl:lated barriers. 

In the spectrum of Ir4-dimethoxybenzzne& a broad asymmetric band, 
centered at about 280 cm-’ is observed. After cooling the _wple to 130 K 
two distinct bands were resolved, (cf. Pig. l(aj and l(b)). Deco&o&tfnn of 
the asymmettic band in the spectrum measured at 300 K rzvzaled the com- 
ponents at 280 cm-’ and 264 cm-‘. In the spectrum of I,4-dimethoxy- 
‘benzeneah two broad bands are observed @t 245 cm-’ and 160 cm-‘. We assign 
the bands at 280 cm-’ aT?d 245 cm-’ to the 6 (C-C) mode for i,&limethoxy- 

benzene-d, and d, respectively. This ass’gnment agree: with the %ults of 
Hester et al. [ 311 who, &;rn a normal coor&ate analys;t, ob’&ed a poten- 
tial energy distribution for this mode conesponding to E-5% of ring (SCCC) 
torsion (cf. also ref. 32). The bands at 264 cm-’ and 160 cm-’ me assign to 
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Fig 1. Comparison of the low-frequency Ram2n aectra of 1,4_dimethoxybenzeneC, and 
1,4-dknethoxybenzen&6: (a) 1,4-dimethoxybenzen&,, solid at 300 K, slit 2.5 cm-‘, 
2 x 10’ counts ST’; (bj 1,4-dimethoxybenzenAO solid at 1.30 K, slit 3.4 cm-‘, 1 X lo3 
counts SF’; (c) 1,4-dimethoxybenzer_e-d, solid at 300 K, slit 3.2 cm-‘, 1 x lo3 counts s-'; 
(d) 1.4-dirnethorybenzene~,. melt at 335 K, slit 3.4 cm-‘, 5 x 10’ counts s-l_ 

the CH3 and CD3 toxons. The torsional barriers, given in Table 1 are about 
the same as in anisolexi U and aniso1e-d; [27] _ Upon deuteration the torsional 
barrier of the methyl group is reduced by 450 cm-l, indicating 2 coupling 
b&yeen the methyl txsicn and the out-of-plane bending ring mode. The 
couplkg observed for l,&dimethosybenzene is thus of the same order of 
magnitude as in the case of anisole. 

The spectrum of liquid l,d-dirnethoxybenzene-c!,, Fig. l(d), discloses an 
interesting new fezture as compared to the spectrum of the solid, Fig. l(c). 
A band absent in the solid state spectrum, appears at 359 cm-’ in the spec- 
trum of the melt. For the trans conformation the low-frequenry C--X 
in-plane, m-phase t+bration (derived from mode I5 according to Wilscn’s 
notation [33]) is a Xaman forbidden transition. For the cis conformation 
this tmnsition is alloived, since in this case it arise5 from a to+M.ly symmetric 
A vibration. -1 In the solid the molecules forming the crystal lattice esist 
exclusively in the trurzs confcrmation, Thereas the proportion of cis con- 
formers would be expected to rise with increasing temperature ebo=re the 
melting point_ in addition, the allowed transition of the 15s conformer 
should be polxized, which is indeed founci to be the case for the 359 cm-’ 
band. We therefore assign this band to the C-X in-plane, m-phase Al sribra- 
tion of the cis conformer. The undeuterated compound behaves sirn!llzrly, 



I ’ ! I I i i i i I i i I1 

100 50 
(cm41 

Fig. 2. Expanded P >~+ectru of the lattice region of 1.3-dime~-ho~.pSeenzene~. and 
1,6-d‘Imet~oxybe~ene_d,, solid sinples at 300 K; (a) 1,4~t:hoxpbemered0, slit 
3.2 cm-‘, 1 x lo4 counts s-'; (b) ‘,,-+disetboxybenz~ne&6, slit 3.2 .zzo-:. 5 x 10” 

c3IinIs 5-l - 

but the new band in the spectrum of the melt appears at 370 cm-‘, parry 
overlapping the 380 cm-’ band. To confirm the above tentative assignment, 
the temperature dependence of the 359 cm-’ and 3’70 cm-’ transitions 
should be investigated. 

The spectra of the lattice region recorded are shown in Fig. 2, and the 
wavenumbers of the observed bands are listed in Table 2 together with the 
respsctive a&g_nment According to Goodvh and co-workers [28] 1,~di- 
methoxybenzene cryst&zes in the space _oup Pken = Dig with four centro- 
sjmmretric molecul2s per unit cell. The four differently oriented molecules 
are loca~ti at. sites having the symmetry of point group Ci. The correlation 
diagm whicil relates the factor group to the site group, and further to 
the point group Czh of <he isolated (rigid) molecn!e ‘LS shown in Table 3. The 
result of the factor group an&y& is sclmmzrized in Table +. it is seen that 
the lattice bands which are +ve in the Raman effect are of rotational 
type. Deuteration of the methor:yl groups shifti aU the b*and.s -h the lattice 
region to lower wavenumbers, bLt the largest shift x% expected to be ob-served 
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Assigment of. torsional ts.n.sitians (cm-l), Ed ca.hlateC barriers, V (cm-‘), k 1,4-d& 
methoxybwzene asd its methyi denter,ted enalogue. Solid s;uapks at 300 K if not other- 
wise indicated 

A5igEmenr; l,&Dimethoxybenzene-d, I,-%-Dimethoxyb-e=ene-d, 

Methyl toticn 264 1600 160 1150 
265” 1610 1613~ 1230 

Methoxyl tuorsion 109 3220 99 3250 

“Solid et 133 K. bk!~lt at 335 K. 

TABLE 2 

Observed tisitiors (cm-‘) in the Lattice region of 1,4-dinethoxybenzene-d, and l,C-di- 
methoxybenzene-d, togethe: with their wignment. Solid samples at 300 K 

1.4-Dimethcxybcnzene+iO I ,4-Dimethoxyb=enzene-& Asignmer.tb 

41 
60 
84= 

r.09 

115 

38 Lettice A, B,, 
55 
82e 

Lattice fl, E,, 
L&tice 6, BZg B,, 

99 Xethoxpl torsion 
113 Lattice B,, B,, 

‘Asymmetric buld. consisting of several components. “The assignment of the lattice 
transition to different representations is tentative and bssecl OR the caku’ation by Harada 
snd Snimanouchi [ 411. 

TASLE 3 

Correlation diagram for the point group, site group rsd factor group of crystalline 1,4-G- 
methoxybenzene 

for the m3hoxyl torsion. In the Raman effect only the in-phase 23, torsiocal 
mode is :sllUcrwed. Careful exzmination of the high-freq-tiency edge of the 
lattice re$on revealed a weak broad band, partly merged with the lai;tice 
trarrsitioas (Fig. 2). We_ thus obt& the transitions 1’19 cm-l for 1,4-d& 



Factor group axxlysis of cryst&ine 1,4-dirnethoxybenzene, sppece group Phe = 0%; 
p. = number of ribrztions 
- 

4 
B 14 

B :g 

B 36 

Au 
B 1’1 

B 2u 

3 3u 

Dfgrees 
of 
freedom 

30 0 
30 G 
30 0 
30 0 
30 0 
30 1 
30 1 
3G 1 

0 3 
0 3 
0 3 
0 3 
3 0 
2 0 
2 0 
2 0 

27 - =x=, Qyyr Qz? 
27 - 

=Yz 
P7 - Qzr 
27 - cxY 
27 - - 
27 Tx - 
27 T,. - 
27 _-I - T 

240 3 9 12 216 

methoxybe-zene-d, and 99 cm-l for 1,4-dimcthoxybenzene-&, with the 
corresponding torsional krriers 3220 cm-’ and 3250 cm-l, or the same 
barrier height within the experimental error limits. The above assignment is 
in agreement with the wcr4 of Goulon et al. 1231, who assumed that broad 
bands at 92 cm-l aud 82 cm-’ ’ m the far IR spectrum of l,&dimethosy- 

benzen&, and 1,4dimethoxyLenzene_ds in the sclution arise from con- 
%ribLtions of the II&active out-of-phase torsional modes of both the ck 
and the trans conformer;. Of t;le twelve Reman active lattise modes only 
fc:*- are observed in the present study. These banes (Table 2) correspond 
rather closely to those observed for crystalline benzene [34-40Jr which 
seems reasonable, because benzene also crystaIliz~s in the space group 
P bee with four molecules per unit cell, and the lattice forces are the van 
der Waals t=ipp in both casss. The lattice bazids OS 1,Uimethorybenzene are 
rather broad, --.-Zth 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 Folycrystalline sample and relatively 
high sample temperature (130 K) used in the present study prevent a resolu- 
tion of individual transitions. Ito et al. 1401 studied the Raman spectra of 
benzene single crystals at 4.2 K and were able to resolve s;S of the twelve 
Raman active transitions. In ;?ddition they found that the width of Raman 
bands due to lattice vibrations decreases rapidly with decreasing tempera- 
ture to aboiit 1 cm-’ at 1.2 K. Harada rind Shimanouchi [Cl.] calculated 
the lattice kequencies of ‘benzene using a set of hydrogerr-hydrogen force 
constants, and obttied excellent agreement with the experimentally observed 
banes. Tney aIs. reported ‘he displacements of the hy&ogen atoms for 
different RqJnan+.ctive modes. In +Ae present case, an unambiguous assign- 
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n+ent of the iattice bands to different symmetry tyF,es would require orienkd 
E_ngle crystal measurements, performed at lower temperatures than available 
with our present equipment. 

CONCLUSIONS 

The methyl and methoxyl torsiorLal transitions have been identified in the 
lo-s-frequency Raman spectrum cf i,d-dlmethoxytlerzene and the respective 
assiwments have been confirmed with selective deu:teration. The correspond- 
ing internal rotation barriers have been calculated according tn the Mathieu 
model and compared with previous results for similar systems_ Spectacular 
changes in the spectrum near 400 cm-‘, when going frcm solid tc~ melt, 
have been interpreted as arising from the occurrence of both cis and tram 
conformations in the liquid state. A factor group analysis has been made 
indicating that all the Ramnn-active latiice modes are of rotational type. 

A tentative assignment of tht. lattice spectral region has been attempted for 
the first time in the present so ties of papers. In our earlier studies the explicit 
analysis of the lattice region was rendered impractical, because the crystal 
structure of the investigated c Jmpounds was unknown. 
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