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The vibrational spectra of d,, and 4,4’ d, biphenyl
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Abstract—The vibrational frequencies of 4,4’ d, biphenyl and d, , biphenyl have been calculated
for various dihedral angles between the rings. The vibrational spectra have been recorded in
solution and in the crystal state, and the results are interpreted, with the aid of the computed
fundamental frequencies, in terms of a D,, molecular structure in the crystal and a D, structure
in solution. For the planar structure only minor differences exist between the current assign-
ments and those of Zerbi and Sandroni.

IN AN EARLIER paper [1] it was demonstrated that the spectra of biphenyl and of
4,4’ difluorobiphenyl showed unequivocal evidence for a change in dihedral angle
in going from crystal to solution phase. It was shown that the dihedral angle change
away from 0° resulted in interaction of the b,, and b,, species and of the b,, and b,,
species. Neglecting any force constant changes the mergence of these species
caused frequency shifts and eigenvector changes primarily in those vibrations
with frequencies below 1000 em—!. The observed frequency shifts and relaxation
of the selection rules were in good accord with predictions and with computed
changes using a vibrational force field transferred from benzene.

In principle it should be possible to determine the dihedral angle of biphenyl
in solution by comparing the observed frequency shifts with the calculated. This
presupposes that the eigenvector descriptions are sufficiently good to give a reasonable
description of the vibrational wavefunction overlap and that the eigenvalue separa-
tions are close to the observed. These requirements follow from first order perturba-
tion theory in which the perturbation to the energy levels is given by

(ﬁ - Et S)a
E, - E,

where 8 = [V, H'Y, dr, H' is the perturbation operator, S is the overlap integral
and E, and E, are the unperturbed energy levels which are interacting. The observed
and calculated frequencies were, for assignment purposes, very satisfactory, the
average frequency error being about 16 cm™!. For the purposes of determining the
dihedral angle however this is somewhat large since the separation of the vibrational
frequencies which mix on lowering the symmetry is less than 100 e in several
cases. The data on biphenyl itself suggested an angle in solution of 45 + 15°.
It has been shown in another publication [2] that improvement of the eigenvectors
based on a restricted force field correction procedure to the data of biphenyl, d,,
biphenyl and d, biphenyl changes the value to 32 + 2°. Although the spectra
of the deuterated biphenyls have been the subject of earlier papers there are several

(1] R. M. Barrerr and D. StEELE, J. Mol. Structure 11, 105 (1972).
[2] V. J. Earon and D. SteELE, J. Chem. Soc., Far Trans II 69, 1601 (1973).
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unsatisfactory features of earlier work. In the present paper we shall endeavour
to correlate this earlier work and add to the data where necessary to produce a
satisfactory set of assignments.

EXPERIMENTAL

Biphenyl d,, was purchased from Merck, Sharp & Dohme Ltd. Biphenyl d,
was synthesised as follows. 4,4’ dibromobiphenyl was made following the method of
Buckres and WHEELER [3]. n-butyl lithium reagent was prepared [4] at —10°C
in dry ethyl ether by the action of z-butyl bromide on freshly cut lithium metal.
The reaction was carried out in an atmosphere of dry nitrogen and the final product
was filtered free of reaction precipitate. The freshly prepared »-butyl Lithium
reagent was then rapidly added to an ether solution of dibromobiphenyl and stirred
overnight. The mixture was then treated with 99-89, deuterium oxide. The ether
phase was washed out, dried and the solvent removed by rotary evaporation. The
product was sublimed twice to yield white crystals with a melting point of 66°C.

The purity of these deutero-biphenyls was assessed by means of their mass
spectra kindly run by Dr. W. Wheatley on an AEI MS12 double focussing spectrometer
uging a direct insertion sample probe. Spectra were run at 12, 11, 10 and 9eV
ionising voltages to ensure that no fragmentation of the molecular jon occurred.
For biphenyl d, the composition was C,,H,D, 96:5%, C;;H,D 2-3%, C;,H,, 1-2%
(97-6 % deuteration). For biphenyl d,, the composition was C;,D,, 93-3%;, C;,HD,
5:69%, and C,,H,Dg 1:19, (99-2 %, deuteration).

Raman spectra were recorded on a Spex Ramalog using 5147 A Ar+ radiation.
The calibration was checked against a neon line. Infrared spectra were measured
using a Perkin-Elmer 325 using spectral resolutions of 1 cm~! or better.

The measured band frequencies are in good accord with those listed by Zers1
and SANDRONI [6], by KovNER [6] and by SourNiA [7] but in poor agreement with
those of XaToN and LreriNcorT for C,.D;, [8].

Vibrational frequencies were calculated for a planar configuration and for
dihedral angles of 30°, 60° and 90°. A regular hexagonal geometry was assumed
for the rings and the force field was as given in [1]. The results are given in Tables
1 and 2.

The computed frequencies for the planar Dy, structure are in good accord with
the in-plane frequencies calculated by ZerBI and SaNDRONI [9]. The latter used
a Urey-Bradley field which had been obtained by a minimum least squares fit to
the assigned frequencies of biphenyl and d,, biphenyl [10]. Since the field of Zerbi
and Sandroni was derived from their assignments of these molecules the agreement
of the computed frequencies, even for the partially deuterated systems, cannot

[3] R. E. BuckiLes and N. G. WHEELER, Org. Syn. 31, 29 (1951).
[4] R. G. JonEs and H. GiuMAN, Org. Reactions 8, 352 (1951).
[6] G. ZErBI and 8. SANDRONI, Spectrochim. Acta 24A, 483 (1968).
[8] M. A. Kov~ER, Optik. i. Spektrosk. 1, 742 (1956).
[7] A. SoUrNIA, Thesis for the degree of Doctor of Physical Sciences, University of Perpignan,
(1972).
[8] J. E. KaToN and E. R. LipeNoorr, Spectrochim. Acta 15, 627 (1959).
(9] G. ZrrBI and 8. SANDRONI, Spectrochim. Acta 36A, 1951 (1970).
[10] G. ZerBI and 8. SANDRONI, Spectrochim. Acta 244, 511 (1968).
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Table 1. Calculated and observed frequencies (cmm™) for various dihedral angles

{biphenyl d, )
Observed frequencies
Raman Infrared
Calculated frequencies solid melt dise golution
A species (D), — 4,, 4,)
—for all
A'
2287 n.m., — —
2285 n.m. 2273 w, p* - —_
2280 n.m.
1678 1562 vs} 1563 vat (0-36) — —
14567 14118 14168 (0-18) —_ —
1198 1186 va 1190 ve  (0-11) — —
951 965 vs 962vs  (0-06) —_ —_
862 8828 872s  (0-04) _ —_
840 846 8 $42m  (0-34) — —
699 690 m 691 ms (0-04) —_ —
261 312m 299m  (0-12) — —
Au
780 — 786w  (0-25) — 782 m
648 — 652 mst (0-48) — 652 mt
358 — 348 mt (0-40) —_ 352 wt
6=0"  30° 60° 90°
B, species (Dyy, — By, Byy)
1¢
2281 2281 2281 2281 n.m. n.m.
2279 2279 2279 2279 n.m. n.m,
1584 1583 1581 1580 1576 s 15728 —_ —_
1304 1301 1294 1289 1347w 1843 vw coincident with by, fundamental
1277 1277 1279 1278 1280 m 1278 w —_ 1283 w
1038 1037 1033 1028 — —_ —
840 840 840 840 850 w — believed coincident with by, and
a, in liquid,
822 822 822 821 831m 828 w —_ 825 m
583 583 585 587 583 m 588 m coincident with by, fundamental
319 302 276 264 — — — 334m
B 1u
820 820 821 821 — — 813 st 818 st
729 731 737 746 — — 7428 744 8
613 616 623 631 — — 6208 6248
539 539 542 545 — — 538/541 va 542 vs
387 404 430 446 — —_ 410m 4378
85 85 85 85 — — 73m 738
B, species (Dyp — By, Byy)
m —-— -_—
2281 2281 2281 2281 n.m. n.m.
2278 2278 2278 2279 n.m, }2295-2260 complex.

1582 1581 1580 1580 — 1522 m 1525 m

n.m
1207 1296 1292 1289 — — 13178 13148
1262 1264 1269 1278 —_ — 1260 m 1263 m
1016 1018 1022 1028 —_ — 1024 w 1024 vw
841 841 841 840 — —_ 8548 860 w
822 822 821 821 — — 818w 826 m
596 594 591 587 _— 597 w 594 w 596 w
89 88 87 85 —_ —_ 1128 106 s

* Frequenocy reported by Sandroni and Geiss. No measurements made by present authors in ygp region.
1 Band assigned to 2 fundamentals.

{ Band in correct place but believed to be due to another coincident fundemental. n.m.

§ Intensities relatively less in crystallized melt than in disc due to molecular orientation effects.

n.m. No measurements made in region.



1734

Table 1 (contd)
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Observed frequencies

Raman Infrared
Caleulated frequencies solid melt dise solution
By,
826 826 825 822 818 w — coincident with by, by, bgy
759 758 7563 746 —_ — —_
629 630 632 631 660/658/654 m 652 msf (0-48) — 6852 mf
549 548 547 543 544 vw 551 w — 550 m sh.
450 450 451 446 485 vw — — 464 s
221 226 237 254 226 m 243 m 247m
B,,. All§
2287 n.m. n.m.
2285 n.m. n.m, 22952260 complex.
2280 n.m. n.m.
1591 — —_ 1566§ 1565 vs
1320 — —_ 1343 vs§ 1344 vs
988 — — 981 m§ 98l s
947 — — 949 w§ 950 m
856 — — 844 ms 842 ms
823 — — 813 8§t 8158
590 coincident with by, 583 m§ 687 m
By,
780 — 786 wt (0-25) —_ 782 mt
648 660/658/6564 m 652 mst (0-48) —_ 652 mt
358 coincident with a 363 w 352 wi

Table 2. Calculated and observed frequencies (cm™1) for various dihedral angles
(4,4’ biphenyl dy)

Observed frequencies

Raman Infrared
Calculated frequencies solid melt solid melt solution
A species (Dgy — 4,, 4,)
—for all 8
4,
3072 n.m. n.m.
3072 n.m. n.m.
2283 2272 m 2272m  (0-25) —_ —_
1687 1600 vs 1607 vs (ca 0-6) —_ —
1516 1501 s 1501 s (0-30) — —
1338 1273 vs 1286 vs  (0-21) — —
1192 1207 m 11878  (0-14) —_ —_
1024 1028 s 10278 (0-07) — —
978 986 vs 986 vs (0-12) — —
738 7328 735 vs (0-09) — —
269 3228 310vs (0-31) — 305w
A“
963 — 966 m (0-09) —_ —
833 — 838 m (0-29) — —_
409 — 405 8* (0-35) — (403* 8)
6=0° 30° 60° 90°
B, species (Dgy — By Byy)
By,
3070 3070 3070 3070 n.m. n.m. — n.m.
3069 3069 3069 3069 n.m, n.m. —_ n.m,
1608 1606 1604 1603 1593 vs 1584 s —_ —_
1404 1401 1395 1388 —_ —_ — 1376 m
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Table 2 (comtd)
Observed frequencies
Raman Infrared
Calculated frequencies solid melt solid melt solution
Bh, (contd)
1320 1319 1317 1315 —_ - —_— 1330 wt
1280 1281 1283 1286 —_ 1242 m-w?
1095 1094 1092 1091 1110 m 1107 m coincident with B,,,.
1117 m
868 868 868 867 873 m 869 m — 868 w
604 605 606 607 601l m* 603 s* coincident with by,
340 320 291 267 —_ —_ — 359 w-m
Blu
950 950 950 950 — — 954 w 953 w
828 828 828 830 coincident with a,, 840 va 842 vs
696 698 703 709 -— — 7158 720 8
615 615 616 618 — — 609 vs* 610 va*
407 430 465 492 — —_ 447 m 477 m br
90 90 89 90 —_ — n.m, n.m,
By species (Dgy — B,,, By,)
2
3070 3070 3070 3070 n.m. n.m, n.m. n.m.
3069 3069 3069 3069 n.m. n.m. n.m. n.m.
1605 1604 1603 1603 1554 m
1377 1378 1381 1388 1393 vs 1394 vs
1312 1312 1313 1318 —_ — 1322 m 1308 m
1290 1290 1289 1286 — — 1261 m 1263 m
1088 1088 1089 1091 — — 1131s
11148 11108
865 865 866 867 — 861 s 869s
619 619 619 618 — 617 m 609 va* 610 vs*
95 94 92 90 n.m. n.m. n.m. n.m.
B,,
950 8560 950 950 954w 983 w
831 831 830 830 overlaid by b,,? — —_
708 710 711 709 741 m 741l m {737 m) (736 m)
812 611 609 607 601 m* 605 s* — —
512 511 506 492 538 w 535 m — 533 m
232 237 249 267 — 258 w 236 m 2628
All §
B, species (Dy — By, By,)
su
3072 — _ n.m. n.m.
3072 —_ —_ n.m. n.m,
2282 _ —_ 2296 m+t 2297 m
1603 — — 1596 m+ 1595 s
1687 mt 1586 s
1478 1471 vat 1471 vs
1193 —_ — 1180 st 1178 m
1035 — — 1033 st 1038 s
1019 -_ —_ 1006 st 1007 s
976 — —_ — 978 m
604 coincident with b,, 804 vst 605 w
By,
963 975w (966 m* (0-09)) — 964 w
833 845w (838 m* (0-29)) coincident with b,,
409 408 w (405 8*  (0-35)) —_ 403's

t Intensities relatively less in orystallized melt than in disc due to molecular orientation effects.
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be taken as firm evidence for the correctness of their assignments. It is encouraging
therefore that we do agree so well. The field used here is primarily determined
from the force field of benzene and, with the exception of a few constants involving
the inter ring bond, is independent of biphenyl assignments [1]. The only significant
errors in the calculated frequencies, as far as the scope of the present investigation
is concerned, are in the highest frequency ring modes. As has been shown in a
perturbation treatment these errors are due to neglect of the interaction constants
involving the inter ring stretch [2].

DiscussioNn

The spectra of d,, biphenyl have been discussed earlier by KovNer and PEREGUDOV
(K-P) [6, 11], KaTox and LrepiNncort (K-L) [8], and ZERBI and SaNDRONI (Z-S)
[6, 9], and recently the infrared active species have been the subject of a thesis
by SourN1A (8) [7]. We shall not tabulate all the assignments of the earlier works,
but rather focus attention on the extent to which the current work concurs and
differs from results of the earlier studies. The basis of assignments was as for
biphenyls. In solution all fundamentals including those derived from the a, modes
of the planar structure, appeared as strongly polarized Raman bands. In the
a, class the assignments of K-P and Z-8S are in complete accord with the present.
The actual frequencies quoted by K-P agree to within 2 cm—* with ours. There
is also no disagreement with earlier work on the a, frequencies as they appear
in the solution state. b, fundamentals of the solid state .D,, structure were generally
strong and easily identified by their reduction in absorption intensity on going from
a K Br disc (random crystal orientation) to a solidified melt on an alkali halide plate
(long axes of molecules oriented almost perpendicular to plate) [12, 5]. There is some
confusion however near 800 cm—'. There are ten fundamentals predicted to lie
between 850 and 800 cm™. Of the five ir. active bands only two assignments
seem unequivocal. The 813 and 854 cm~! bands must be bg, and b,, respectively
on the basis of intensities and frequencies. b,, and b,, modes are also expected
near 820 cm~'. Our assignments at 818 and 825 cm~! are rather tentative. This
leaves only the 844 cm~! band to be correlated with the remaining b,, vibration.
The failure to see a significant intensity increase in going from disc to solution
does throw some doubt on this assignment, but Z-S considered that their measure-
ments on a single crystal justified inclusion of this frequency in the by, list [5].
Sournia selects the b,, fundamentals at 860 and 845 cm~?! and by, at 830 and 815 cm—?!
(liquid state frequencies) on the basis of relative intensities in solution and solid [7],
but these pairs seem too close in frequency. As has been noted earlier [5, 12] there
ought to be a reasonable correlation between the a, and b, frequencies of the
pentadeutero phenyl halides and the b; and b, frequencies of d;, biphenyl. The
agreement is indeed very good [5]. Of special note is the fact that there are a,
frequencies of 843 and 813 em—! and b, frequencies of 863 and 818 cm~!. These are in
reasonable accord with our choice for d,, biphenyl. Our b;, assignments are in
complete agreement with those of Z-S. The by, fundamentals are calculated to

[11] G. V. PerEGUDOV, Optik i. Spekirosk 7, 1565 (1860).
[12] D. SteELE and E. R. LreriNncort, J. Mol. Spectrosc. 8, 238 (1961).
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be coincident with the @,. Separate bands could not be identified. In solution
all of these b, and a frequencies are predicted to be unchanged from their solid state
values. This means, of course, that the intra-molecular forces are unaltered. In fact
there are three significant shifts. The lowest @, mode obtains 32 9} of its energy from
distortion of the inter-ring bond. As for biphenyl there is a marked decrease in the
frequency of the mode, of 15 and 13 em™! respectively for d,, and d,. This is almost
certainly due to a weakening of the inter-ring bond on rotation of the rings away
from planarity.

For d, biphenyl shifts are also observed in the bands at 1274 and 1209 cm™!
in the solid. These move to 1281 and 1187 cm~!. An analogous shift has been
noted earlier in biphenyl in which the shifts are 1276-1285 and 1205-1192 om—?,
and explained as due to changes in the steric interactions between the 2,2’ hydrogen
atoms [12, 1]. The shifts for d,, are less dramatic, presumably due to the lower
amplitudes of motion of the deuterium atoms as compared to the protons.

The b,, bands are fairly readily identified once the b,, bands have been located.
The present assignments receive good support from the vapour phase band contours
and analysis of SoURN1A [7], with whom we differ only on the fundamental near
820 em~! as mentioned earlier. We differ in several cases from Z-S [5, 9]. Note
that as for biphenyl no dramatic frequency shifts are predicted or observed in
going to solution. The b,, class vibrations are characterized by their appearance in
the solution state of infrared bands coincident with the Raman due to mixing with
b,, modes. The lowest frequency also shows a marked shift. There is a rather high
density of fundamentals between 900 and 600 cm—! and it is not certain that all
fandamentals have been correctly located. Some multiple assignments have been
necessary. On the basis of the calculations however it seems unlikely that any of the
quoted frequencies are more than 20 cm—! out.

It is in the &; class that the most dramatic frequency shifts are predicted and
seen to occur. Thus for d, biphenyl an absorption band is seen to move from
449477 cm~! with a marked intensity enhancement, and a new band appears
at 359 cm~! which is readily assigned to the formerly b,, mode. The other b,, modes
present difficulties. As has been noted earlier the Raman bands associated with
these are either very weak or cannot be observed. Those assignments which are
made rely heavily on the computed frequencies.

In the remaining i.r. active class, the b,,, the highest mode was not assigned
by Z-S [56]. We agree on », to »,, but differ on the last two. The assignment of », to
v agree well with those for C,D, X (X = halogen). Thusfor X = Br the b, frequencies
are 817, 743, 614, 543, 403 and 172 em™'. The lowest frequency of C,,D,, is much
lower than is its C4D;Br counterpart, and this seems to be firmly supported by the
present calculations.

The only assignment studies of 4,4’ d, biphenyl are by SaANDRoNI and GEIss
[13] and by ZrrBI and SANDRONI [9]. Sandroni and Geiss were mainly interested
in tracing the frequency changes with deuterium substitution, rather than pro-
ducing a complete assignment set. As the work leans heavily on Z-S results for
C;,H,, and C,,D;, no detailed comparison with the new assignment will be made.

[13] 8. SaxpronI and F. Griss, Specirochim. Acta 22, 235 (1966).



1738 R. M. BARRETT and D. STEELE

The experimental frequencies agree well and where they have made assignments
they are largely in accord with ours.

The conclusions of the more detailed study [10], which unfortunately is
restricted to the in-plane fundamentals, are in good accord with those of the
present work. A weak Raman band at 845 cm™! is assigned by Z-S as b,, but this
we believe to be b,y,. A second Raman band at 869 cm—! fits our predictions better
and is in superior accord with our biphenyl assignment [1]. A number of additional
assignments are made by us on the basis of the observed changes in frequencies
and intensities accompanying a change from solution to solid state.

CoNCLUSION

Some of the intensity and frequency changes which occur with change of state
are quite dramatic. For example in biphenyl d, strong polarized Raman bands
exist for solutions at 966, 838 and 405 cm—*. These have no counterparts in the
solid state. Frequency shifts with increase in spectral activity occur for bands
at 322 (a,), 447 (by,), 538 (by,), 236 (bs,), 978 (bs,) and 408 cm~* (b,,). The quoted
frequencies are as measured for the solid state. All of the observed changes are
readily understood by comparison with the calculated frequencies for various
dihedral angles and on the basis of the lower molecular symmetry existing in solution.
These effects have been discussed in detail for biphenyl and 4,4’ difluorobiphenyl
[1] and we shall not duplicate the arguments here.

There are clearly several dubious or unknown funda,mentals for the deuterated
biphenyls, particularly in the b, class. However the evidence for the bulk of the
fundamentals is now firm and the spectral frequency shifts may confidently be
used in further studies aimed at studying the dihedral angle change in solution.
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