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Abstract. The infrared spectra of 2,4dimethylaniline have been recorded in the region
3600-100 cm- '. The Raman spectra with polarization measurementshave been recorded and
investigated for the first time in the region 3500-100cm- 1. New frequencyassignmentshave
been proposed assuming the moleculeto possessan approximate C, symmetry.Fifty normal
modes of the molecule,out of a possible fifty four modes, have actually been observed and
assigned includin8 twenty seven hitherto unreported frequencies. The observed spectral
changes give evidence of the presence of an intermolecular hydrogen bonding of an
N - H . . . N type, and suggest a solid-solid phase transition between 223 and 123 K in the
molecule.
Keywerds. Infrared and l~amanspectra;normal modes;spectralchanges;hydrogen bonding;
phase transition.

1.

Introduction

The infrared spectra o f 2,4 dimethylaniline (hereafter referred to a s 2,4-DMA) were first
investigated by Prasad (1975) who has reported the frequency assignment o f only 23
modes out o f a possible 54. Many o f his assignments are open to question. It has been
difficult to observe all the fundamentals in benzene derivatives (Varsanyi 1974) but
there is often a possibility of observing more fundamentals (Hainer and King 1950) if
the spectra are recorded at lower temperatures.
According to Varsanyi (1974) 2,4-DM^ falls under the category of 1,2,4-trilight benzene derivatives. Although the molecule, in a strict sense, possesses the C1
symmetry, we have proposed the assignment o f the ring modes assuming an
approximate Cs symmetry.
Infrared spectra have been recorded at room temperature, 223 K and 123 K along
with the spectra in the solution phase choosing CS2 as solvent. The observed frequency
shifts, bandwidth changes and intensity variations give evidence o f the presence of
intermolecular hydrogen bonding of the N - H . . . N type and suggest a solid-solid
phase transition between 223 and 123 K .

9 To whom all correspondence should be addressed.
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Experimental

2,4 Dimethylaniline was obtained from Koch-Light, England. The reported purity of
the sample was better than 98.5 ~ . However, the liquid was redistilled several times
under reduced pressure before use. The experimental details of recording the infrared
spectra at room temperature, 223 K and 123 K have already been described in an earlier
communication (Shukla et al 1986) on 2,3 dimethylaniIine (2,3-DU~). The far infrared
spectra in the region 600-100cm -~ and the Raman spectra along with polarization
measurements were recorded as described in the above communication (Shukla et al
1986). The slit width used in recording the Raman spectra was 2.5-5~) eraThe spectra recorded at different temperatures, in different spectral ranges, have been
reproduced in figures 1 to 5. Some of the weak bands marked as vw or Imw, which are
actually present in the recorded spectra, may not be perceptible in the figures due to
reduction in size. The accuracy of measurement was nearly + 2 em-

3.

Frequency assignments

The frequency assignments for the ring modes, methyl groups and the amino group
have been presented under three separate heads. Wilson's (1934) numbering has been
strictly followed for the assignment of ring modes. Mulliken's (1955) numbering
scheme has been followed only in a restricted sense such that fundamental vibrations in
each of the three categories are numbered in the decreasing order of frequency. The
observed fundamental frequencies associated with the methyl groups have been
labelled as v't, v~. . . . v'~4and those associated with the amino group have been labelled
as v~', v~. . . . v~. The frequencies of the ring modes in 2,4-D~ have been compared
with the corresponding modes in similar molecules (Green et al 1971), 1,2,4 trinlethylbenzene (1,2,4-TMa) and 4-fluoro 1,2dimethylbenzene (4F,1,2,-DMB) in table 1.

4.

4.1

Normal vibcatiom associated with the benzene ring
Spectra in the region 3600-2800 c m - t

The liquid and solid phase (123 and 223 K) infrared spectra and the Raman spectra
at room temperature recorded in this region have been reproduced in figure 1. The
Raman spectrum of 2,4-DMA shows a weak line at 3078 cm-1 but in the infrared
spectrum a weak shoulder appears at 3079 cm-1 only at 223 K. Although another
weak shoulder is seen in the infrared spectrum at 3096 c m - t , the lines at 3078 and
3079 cm- t are assigned to mode number 20b and the shoulder at 3096 cm- t has been
explained as a combination band. The two polarized Raman lines at 3050 (o -- (~44)
and 3017 cm- 1 (9 - (~30) and their infrared counterparts at about 3045 (obscured by a
strong absorption) and 3010cm -~ are assigned to modes 2 and 20b respectively.
However, Prasad (1975) observed a single band at 3040 cm- ~and assigned it to mode 7,
which according to Varsanyi (1974), in a non-vicinal trisubstituted benzene, is a
substituent sensitive mode having a much lower frequency. The above assignment
proposed by Prasad (1975), therefore, does not seem to be justified.
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Figme 1. Infraredand Ramanspectraof2,4dimethylanilinein the region2800-3600cm- :.

4+2 Spectra in the region 1700-1100 cm- 1
The ring modes failing in this region are: the C~C stretching modes 8a, 8b, 19a, 19b, and
14; the C-X stretching modes 7a and 13, and the C-H in-plane bending modes 3 and
18a. Some bands are associated with normal modes of the NHz and CHa groups, whose
assignments would be discussed separately.
In 2,4-D~, like in 2,3-t)i^ (Shukla et a11986), the frequency of the mode 8b is found
to be higher than that ofga and the frequencies of these modes for the two molecules are
almost insensitive to substitution. The Raman spectrum shows a distinct, medium weak
and polarized line (p -- 0-56) at 1589 c m - : with a shoulder at 1613 cm- t while the
infrared bands at 1611 and 1590cm-: are only shoulders (figure 2). The infrared
spectrum further shows a very strong band at 1510 cm- t and a medium weak band at
1410 cm- t in the predicted (Varsanyi t974) frequency interval for modes 19b and 19a
respectively. A weakly depolarized Raman line at 1411 cm- 1 (g = 0-70) and a polarized
one at 1515 cm- t (p = 0-50) are observed with equal intensity. Prasad (1975) has
observed only a single band at t510cm -t which he has assigned to mode 19.
In the 1350-1250 cm-1 interval, one would expect three fundamentals corresponding to modes 14, 7a and 3. In substituted benzenes containing an NHz group, mode
number 14 has usually been observed (Varsanyi 1974) at a higher frequency than the
two other modes and this fact has been supported by a normal coordinate analysis
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Figure 2. Infrared and Ramanspectraof 2,4dimethylanilinein the region 1100-1700cm- ~.

performed by Abasbegovic et al (1977) for p-methylaniline. The frequency of mode 14
in 2,3-0M^ (Shukla et al 1986) was found to be 1308 cm- 1. In the case of 2,4-DMA, an
infrared band of medium intensity and a weak but strongly polarized line in the Raman
spectra appeared at 1313 o n - 1. This frequency has been assigned to mode number 14.
The C-NH2 stretch has been reported to appear quite strongly in the infrared and
Raman spectra of p-methylaniline (Abasbegovic et al 1977) and aniline (Evans 1960) at
1275 cm- 1 with the Raman line being strongly polarized. In the spectra of 2,4-DMA
(figure 2), a very strongly polarized and intense Raman line and a very strong infrared
band have been observed at 1275 cm-1 and assigned to mode 7a (C-NHz stretch).
Further, the infrared spectrum only shows a shoulder at 1290 cm-1 which has been
assigned to mode 3.
In the 1250-1100cm-1 interval, one would expect a C-CH3 stretching mode
number 13 and two C - H in-plane bending modes 18aand 18b. Although the frequency
of an isolated C - X stretching mode is dependent on the mass of the linked atom (or
group of atoms) and the strength of the C - X bond, the radial skeletal modes 1, 12, and 6
are known (Varsanyi 1974) to interact strongly with the C-X stretching vibration. Since
two radial skeletal modes 1 and 12 have frequencies around 1000 cm- 1 in benzene, the
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C-X stretching mode in the case of fight substituents will couple with modes 1 and/or
12, and as a result, its frequency increases above 1100 cm-1 while the frequency of
mode I decreases below 900 cm - t. This fact has been supported by normal coordinate
calculations carried out on some disubstituted benzenes by Le Calve and Labarbe
(1960). The observed frequencies at about 1240 cm- ~ (figure 2) have been assigned to
this mode number 13. The first bending mode lga is assigned to the rather strong
infrared and Raman bands at 1155 cm- 1. A weak infrared band (1122 can- 1)and a very
weak Raman line (1120 cm-1) have been tentatively assigned to the second bending
mode 18b. Prasad (1975) has reported only a single frequency at 1155 cm= 1 and has
assigned it to mode number 15, which is probably incorrect.
4.3

Spectra in the region 1100-600cm =~

The C-X stretching mode 7a, skeletal modes 1 and 12, out-of-plane wagging modes
1To, 5, and 11, and torsional mode 4 lie in this frequency intervaL Six frequencies are
reported for the first time. This region also contains bands corresponding to the normal
vibrations associated with the methyl and amino groups, which will be discussed
separately.
In benzene derivatives (Varsanyi 1974) some of the out-of-plane bending modes
either appear with very weak intensity or do not appear at all in the infrared spectrum.
Consequently, it is common practice (Green et al 1971; Kuwac and Machida 1978;
Young et al 1951) to ascertain the frequency of such a mode, especially 17b, from the
characteristic combination bands (Young et al 1951) in the region 2000-1800cm= 1.
However, in the case of 2,4-DMA, the solution phase infrared spectrum and the Raman
spectrum (figure 3) show up a weak band around 950 cm = 1 which has been assigned to
mode ITo. The infrared band of medium intensity at 875 cm-1 has been assigned to
mode number 5, which incidently has been observed at 871 cm -1 in 1,2,4-TMB
(Green et a/1971 ). The frequency is significantlylower ( ~ 90 era- 1) in 2,4. DMAthan in
2,3-DM^ (Shukla et a11986). This change can be attributed to the relative position of the
amino group with respect to the methyl groups in the two molecules. The very strong
band at 814cm -1 has been assigned to mode number 11.
The C-X (X = CH3) stretching mode 7b in 2,4.DM^ is expected at 820-1005 c m - ,
but mode number 17b and the CH3 rocking modes also fall in this region. The observed
frequencies are given in table 1. The 985 cm-~ band was considered a suitable
candidate for the CH3-rock on the basis of its intensity in addition to the fact that this is
a characteristic rocking frequency and has been observed at 991 cm -1 in 2,3-DM^
(Shukla et al 1986). The strongly polarized Raman line at 933 cm- 1 has a better claim
for mode number 7b. If one compares this mode in 2,4.DMAwith that reported (Shukla
et a/1986) in 2,3-D~^ (1128 cm = 1), one finds a difference of 200 era= 1 but similar
changes have been reported in parent molecules (Green 1970), o-oxylene (1185 cm= i)
and m=xylene (903 cm- i).
A very strong polarized Raman line at 778 cm- 1 (figure 3) is the best candidate for
mode number 12. This frequency does not appear in infrared spectra but a broad band
is seen at lower temperatures at 790 cm- 1 which is better explained as a combination
band. A medium strong band observed at 740 cm- 1 in the infrared spectra has been
assigned to mode number 4. Prasad (1975) has reported a band at 735 cm- 1 and has
assigned it to mode 10 which does not seem justified as mode number 10 is actually a
substituent sensitive mode (Varsanyi 1974) and is expected to be observed below
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Fllptre 3. Infrared and Raman spectra of 2,4 dimethylanilinein the region 550-1150 cm- 1.

400 cm- 1. A very strongly polarized R~n~n line observed at 717 cm- 1 and an infrared
band of medium intensity at 716 cm-1 are assigned to mode number 1.
4.4 Spectra in the region 600-100 cm-1
In this frequency interval, one would expect to observe the skeletal modes: 6a, 6b, 16a,
and 16b; the C-X in-plane bending modes: 9a, 9b, and 15; and the C - X out-of-plane
wasgln8 modes: 10s, 10b, and 17a. In 2,4-D~A, eight frequencies have been observed for
the first time.
In the spectra of 1,2,d-TMe (Green et al 1971), one finds that the highest frequency
falling in this region corresponds to mode number 6& Accordingly, the strong polarized
P,mnan line at 560 cm-1 with its infrared partner apl~mring as a weak shoulder at
562 cm- ! (figure 5) can be assigned to mode 6a. In 1,2,4-TMB(Green et al 1971), a very
stron8 band was observed in the infrared as the next lower frequency (540 cm- !) which
was assigned to mode 16a with its Raman partner not observed at all. In 2,4-DMAalso, a
similar observation is made (table 1 and figures 4 and 5) and the 551 cm- ~ band has
been assigned to mode number 16a. The next band observed at 482 cm-~ (iR and
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Fllmre S. Infrared spectra of 2,4dimethylaniline in the region 100-600 cm-~.
Raman, p -- (~30) is assigned to mode number 6b, its frequency being quite close to
those in 1,2,4-'ma and 4F, I,2-DMa (Green et al 1971).
In 1,2,4-TMBand 4F,1,2-DMB (Green et al 1971), modes 16b and 9b have been assigned
to two bands quite close to each other, the first is strong in the infrared spectrum, the
second is a strong polarized Raman line. Accordingly, the polarized Raman line of
medium intensity observed at 445 cm- 1 in 2,4-n~^ has been assigned to mode number
9b ofa' symmetry and the strong infrared band at 440 cm- t has been assigned to mode
number 16b of a" symmetry.
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The predicted frequency range (Varsanyi 1974) for the in-plane C - X bending mode
9a is 200-345 cm- 1. In 4F,1,2-oMa (Green et a11971), this mode appears in the infrared
and Raman spectra at 343 cm-1. In 2,4-DMA, a partially polarized Raman line (p
= 0-67) and an infrared band have been observed at 341 cm- 1 (figures 4 and 5) and are
assigned to mode 9a (a').
In the frequency interval 300-100 cm- 1, one would expect to observe the three C - X
out-of-plane bends: 10a, 10b, and 17a in addition to a C - X in-plane bend (mode 15).
The four frequencies of 2,4-DMA observed in this region have been assigned by
comparison with the assignments (table 2) made for 1,2,4-TMB(Green et al 1971). Two
of the infrared bands (figures 4and 5), namely 211 era- 1 and 158 can- 1, are observed in
the polyethylene matrix.

5.

Assignments of fundamental modes associated with substituent groups

In 2,4-DMA, a total of 24 fundamental frequencies would arise from the two methyl
groups and the amino group. Eight new frequencies, five associated with the methyl
groups and three with the amino group, have been observed and reported herein with
appropriate assignments. All the observed fundamentals along with their assignments
have been listed in table 3.

5.1

Normal modes associated with the methyl flroups

5.1a The stretching modes: The infrared spectra of 2,4-DMA (figure 1) at room
temperature shows a strong band at 2969 era- 1 (polarized Raman line at 2975 cm- 1)
and another band at 2936 cm- 1 recorded as a shoulder in the spectra at 123 K with its
Raman partner appearing with a weak intensity. These are assigned as rat,, (v ]) and
v~,r,(v'z ) respectively. Prasad (1975) observed only a shoulder at 2950 era-1
The strong infrared band at 2922 cm- 1 (figure 1) and the corresponding Raman line
which is polarized, can be safely assigned to v,m(v~).
5.1b CH3 deformation modes: Two strong infrared bands are seen at 1463 and
1n.n.~ cm- a (figure 2, table 3) and the corresponding Raman lines are depolarized. Two
more weak lines at 1458 and 1438 cm- 1 are seen in the Raman spectrum only. We have
assigned these frequencies, 1463, 1458, la.a.A.and 1438 c m - t to the CH3 asymmetric
deformation modes 6+m, (table 3). One would expect to observe two asymmetric CH3
deformation modes around 1375 cm- 1 quite close to each other in accordance with the
observed frequencies in 1,2,4-TMS(Green et a11971). In the infrared spectra of2,4-DMA a
band of medium intensity at 1379 cm- 1 (table 1) and the corresponding Raman line,
strong and polarized (p = 0.30) are assigned to 6,r,, (v[). A weak shoulder observed
only in the Raman spectrum at 1373 cm-1 has been assigned to ~sr,,(v~).
5.1c CH3 rocking mode~ In 2,4-DMA, one would expect 4 rocking modes and our
recorded spectra (figure 3) reveal the presence of three distinct infrared bands at 1035,
1012, and 984 cm- 1 observed at all the temperatures. The corresponding Raman lines
at 1040, 1011, and 982 cm- 1 are weak but polarized. These frequencies are assigned to
~-r- modes (table 3). The fourth CH3 rocking mode which appears at 871 era-1
in 2,3-DMA(Shukla et al 1986) quite distinctly in the infrared spectrum, is neither seen in
the infrared nor in the Raman spectra of 2,4-DMA. However, the bandwidth change with
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temperature observed for the infrared band at 875 cm- t, suggests the existence of a
weak band at 883 cm- 1 (in the infrared spectra recorded at 123 K, figure 3) which has
been tentatively assigned to tsar, (v~3).
5.1d CHa torsions: Two torsional modes related to the CHa groups are expected in
2,4-DUA in the frequency interval 165--200 cm- 1. The infrared spectra recorded in the
polyethylenematrix (figure 5) reveal the presence of a band at 185 cm- 1 with its Raman
partner appearing at 184 cm- ~ only as a suggestion. This frequency has been assigned
to x(v'~,). The other torsional frequency could not be observed.
5.2 Normal modes associated with the amino group
The infrared spectra show up two bands at 3441 and 3354cm -1 (figure 1). The
corresponding Raman fines are observed at 3442 and 3370 cm- l (this Raman line is
very broad). In any event, the infrared bands at 3441 and 3354 cm- 1 have been assigned
to v,,,~(v'l') and v,~(v'~) respectively.
In benzene derivatives (Varsanyi 1974) containing an amino group, NH2 deformation fls~, generally appears with good intensity. The strong Raman and infrared bands
at 1626 cm-1, in the case of 2,4-DMA, are then assigned to fl~(v['). Taking into
consideration the frequencies of NH2 twisting mode observed in 2,3-DMA(Shukla et al
1986) and p-toludene (Abasbegovic et ai 1977), the weak bands observed in the spectra of
2,4-DMA (figure 2, table 3) at 1076 on:- 1 are assigned to f l , ~ (v~). The NH2 wagging is
expected in the frequency interval 550-700cm-1 and one finds a weak band at
590 cm- 1 in the infrared spectrataken in a polyethylene matrix and a weak Raman line
at 588 cm- 1, both only as suggestions (figures 4 and 5). We tentatively assign these
frequencies to vs~ (v~).
The infrared spectrum of 2,4-DMA, recorded by trapping the molecules in a
polyethylene matrix reveals the presence of three frequencies at 231,274, and 310 era(figure 5). One of these frequencies probably corresponds to the NH2 torsional mode
which can be identified by the method of Kydd and Krueger (1978) used for benzene
derivatives containing an amino group. According to these workers, if v, represents the
frequency of the NH2 torsion and v~ that of the inversion of the NH~ group, the
frequencies corresponding to (v~ + v~) and (v, - vi) generally appear in the spectra. We
have identified the frequency at 310 cm- 1 as (v~ + v~)and at 231 cm- 1 as (v, - v~)from
which one can calculate v, which turns out to be ,~ 271 cm- ~. This leads us to believe
that the weak infrared band at 274 cm-1 most probably corresponds to t'(v~).

6. Observed spectral changes due to hydrogen bonding
The presence of intermolecular or intramolecular hydrogen bonding in a molecular
system is known to considerably affect (Murthy and Rao 1968) its infrared and Raman
spectra. Some spectral changes have been observed by us in 2,3-DMA (Shukla et a11986).
Since 2,4-DM^ also possesses an amino group, one can expect similar changes as one
goes from CS2-solution to liquid and to solid at 223 and 123 K. The spectral changes
are expected to be quite significant in the N-H stretching modes, although some effects
can be seen in the NH2 deformation modes also. Some marked spectral changes are
presented in table 4. In view of the resultsobtained and discussed in detail for 2,3-DMA
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(Shukla et a11986), it appears that a symmetric N - H . . . N (Shukla et a11986; Bellamy
and Williams 1957) type intermolecular hydrogen bonding exists in 2,4-DMAalso, which
slowly breaks down as the liquid is cooled down. At 123 K, the crystallization seems to
be almost complete and the intermolecular hydrogen bonding assumes an asymmetric
nature (Shukla et al 1986; Stewart 1959).
Like in 2,3-DMA (Shukla et al 1986), if one assumes that the interaction between the
stretching and deformation modes of the NH2 group is negligibly small and the
magnitude of the force constant for the two N - H stretches, v,~,, and v,~,m is almost the
same, one can use the relation proposed by Linnett (1945) and calculate the force
constant k and the angle 0 (H-N-H) in 2,4-DMAby the procedure adopted for 2,3-DMA
(Shukla et al 1986). The results have been presented in table 4. It can be seen that the
bond angle H - N - H at 223 K is 109-8~and is distinctly different from the values at room
temperature and at 123 K. This indicates the anomalous behaviour of 2,4-DMAat 223 K
and further suggests a phase transition of the molecule between 223 and 123 K.
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