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The analysis of the high resolution FI-IR spectra of the

and vy(E”) at about 1170 cm™ -1 of the 1sot0pomers

4perpendxcular bands v( ; at about 1550 cm™

N;H;, 13C5!N;H;, and '2C5'°N3H; is given.

Both bands proved to be free from accidental resonances The molecular constants of the state v, = 1
and by 1 of the isotopomers under consideration are listed. The weak difference band vo—v4(E” — E’)
of '2C;'*N;H; was recorded and analyzed, using the molecular constants of v = 1 [this work] and
U4 =1 [of 1995]. This analysis proves the quality of the molecular constants of the fundamental v;,

which is IR-inactive.
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1. Introduction

1,3,5-Triazine, C3N3H; (henceforth abbreviated as
triazine), is a planar symmetric top molecule belong-
ing in the molecular symmetry group D3,(M), under
which y, is forbidden. Therefore, high resolution IR-
and/or Raman spectroscopy of triazine in its gaseous
phase is the appropriate tool for getting informations
on the molecular structure and potential of this mole-
cule.

Amongst the 14 normal vibrations of triazine
seven are IR-active: the two parallel bands v;; and v,
(A,”), and the five perpendicular bands vg, v, vg, vo and
Vio(E).

The analysis of the high resolution FT-IR spectra of
the fundamental bands v;; and v;, of the isotopomers
120, 14N, Ha, 13C;14N;Ha, 12C5'5N;Hs, 13C,'5N,H, and
12C,'N;D; by our group [1-3] yielded among other
things the ground state constants of all molecules con-
sidered and an ry- and r¢-structure of triazine [4].

In the present paper we report on the analysis of high
resolution FT-IR spectra ** of the perpendicular funda-

* Partly from the Thesis of W. Bodenmiiller.
** Lists of observed and calculated wavenumbers as well as the
correlation matrices have been deposited in the “Sektion Spek-
tren- und Strukturdokumentation”, Universitait Ulm, 89069
Ulm (Dr. J. Vogt).

Reprint requests to Prof. A. Ruoff; Fax: +49-731-5023112.

mentals v; (at about 1550cm™) and vy (at about
1170 cm™) of the isotopomers '2C5'*N;Hj, 13C5'N;H;
and '?C,'5N;H; and of the difference band vy—v;, of
120 4NLH

3 N3Hs.

2. Experimental

The sample of '2C;'*N;H; with a purity of 98% has
been obtained from Merck-Schuchardt. Since no impur-
ities could be detected in the IR spectra, the material was
used without further purification. The *C;'*N;H; and
12C,15N;Hj; isotopomers were synthesized in a two step
method with K'*CN/KC' N as starting material [3]. The
raw products were purified by sublimation. The overall-
yield was about 69%.

All spectra have been recorded at room temperature
with the Bruker IFS 120 HR instruments at the Uni-
versity of GieBen and at the University of Oulu, re-
spectively. Stainless steel cells with CsI and KBr win-
dows, respectively, have been employed. The maximum
optical path difference was between 370 cm and
542 cm. A Ge:Cu detector was used operating at 4 K.
All other experimental details are summarized in
Table 1.

Boxcar apodization has been applied to the interfero-
grams. Calibration has been done by comparison with
CO, and H,0 lines, the wavenumbers of which were tak-
en from [5].
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Table 1. Experimental details of the IR-spectra of the isotop-
omers of triazine.

Isotopomer Band Range Pressure Scans Resolution Cell

[cm™] [mbar] [em™]  length

[m]

2C,N3H; v, 1525- 05 210  0.0021 0.3
1585

ve  1135- 246 375 0.0018 3.28
1210

vo— 800- 1.1/ 470/ 0.0021/ 144/

via 870 240 200 00024 144

12C,15N;H; v, 1510- 0.12 300  0.0020 3.28
1570

ve  1210- 0.12 300 0.0020 3.28
1280

BCy"NHy v, 1490- 0.116 - 360 0.0020 3.28
1560

ve  1120- 1.51 300 0.0018  13.12
1190

The absolute accuracy of the calibration lines was
between1 - 10 cm™and 1 - 107* cm™. The relative ac-
curacy of the peakfinder evaluated lins of triazine is about
#2.10%cm™.

3. Theory

As is well known, a planar symmetric top molecular
like triazine in its equilibrium configuration is character-
ized by the planarity relations [6]

B, =2C,, _
2D§ +3Djx +4Dg =0,
3H;+4H5 +5Hy, +6Hy =0. 1

These relations hold also approximately for the ground
state.

The energy expression employed comprises the usual
diagonal elements of the rovibrational Hamiltonian up to
hi:

E(v,J,K)=

vo +B, J(J+1)+(C, - B, )k?

—-Dy JE(J+1)2 =Dl J(J+1)k?
-Dyk*+H} JP(J+1)°

+HYY J2(J+1)2 k2 + Hy, J(J+1)k*

+Hy k=1, k[2(CEF), —m) J(J +1)

-0 k2 -n 2T +1)°

ST CAS VSR | @

Here v, equals zero for the ground state, and the vibra-
tional quantum number / equals zero for all nondegener-
ate states.

Only the off-diagonal elements of the g{"-resonance
proved to be of importance in the present investigation.
They have been used in the form [7]

(00 oty T[] 5 + ] |0y £2,0,k22) =
—1/4[q\" +q{ ™ T (T+1)+q{ V¥ k2|
F(J,k)F(J k+1)v(t.1)

with F(J,k)=[J(J+1)—k(k+1)]'?

and v(t,0)=[(v, £L, +2)(v,FI)]"*, (3)

the Mills convention [8] being adopted.
The r-resonance has not to be taken into account be-
cause it is forbidden under D5, (M).

4. Spectra and Analysis

4.1. Ground State

The ground state constants for all isotopomers consid-
ered have been determined recently [3] from the parallel
bands v, and v, by a GSCD-program. They are listed
in Table 2.

4.2. The v; Fundamental Band of °C4'*N;H;,
13C314N3H3, and 12C315N3H3

The most intense fundamental of triazine is the per-
pendicular band v,(E) at 1556 cm™ (12C;'“N;H3),
1524 cm™ (**C5'*N;H;) and 1542 cm™! (2C5'°N;H;)
(Figure 1).

Contrary to all other IR-active perpendicular bands of
triazine, the v, exhibits no PQR-structure: The positive
value of {7 of about +0.47 prevents cluster-formation in
the Q-branchregion spreading out the O-lines over a wide
area.

As another result of the positive value of {3, the essen-
tial g{P-resonance is very weakly pronounced in the
v7 band. At the present resolution, this band proved to be
free from accidental resonances, the nearest vibrational
level being more than 30 cm™ apart from v9.

The assignment was begun with a band contour anal-
ysis on the basis of the results of Daunt and Shurvell [9]
from a medium resolution Raman spectrum of the per-
pendicular band v,. The band contour simulation enabled
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Table 2. Ground state constants [cm™'] of triazine isotopomers (numbers in parentheses are one standard deviation in units of

the last significant digit). **: from planarity conditions.

12C3MN3H3 13C314N3H3 12C315N3H3 13C3l5N3H3 12C314N3D3
c3* 0.1074 0.1041 0.1037 0.1006 0.0969
B, 0.21486152(10) 0.20819716(6) 0.20741116(8) 0.20119592(9) 0.19377014(83)
D! 5.3419(56) - 10 50191(29)-10%®  50196(36)- 10°%®  4.7131(39)- 10  3.96743(40) - 10~
D% -8.861(16)- 10%®  _8.3267(83)- 10  -8.330(10)- 10  -7.8178(91)- 10  _6.5400(12) - 10™°8
DY** 398108 3.74 - 107 3.74 - 107 3.51-1078 2921078
HY 2.7(11)- 107 1.84(42) - 1071 2.05(52) - 10714 1.41(52)- 1074 1.73(59) - 10714
HY% -1.52(40)- 107" -8.9(15)- 107 -3.5(20)- 107 -9.9(15)- 10714 -5.8(23)- 107"
HY, 2.93(69) - 10713 1.70(25) - 10713 -3.5(35)- 1071 2.21(23)- 10713 1.26(48) - 10713
HY**  -16-10" 92107 421071 -1.2-10713 -7.5-107"
c 88 -107% 119 - 107 85-107% 120 - 1076 197 - 107%
GSCD’s 937 2535 1005 1562 5223

L ; 1 . 1 " 1 N ! A ! L J
1525 1535 1545 1555 1565 1575 (1/cm)

Fig. 1. Survey spectrum of the fundamental band v, (E”) of '*C;'*N;Hs;.

insights in the structure of the band showing cluster for-

Table 3. Spin weights of the rovibrational levels of all isotopo-
mations of the lines “KAKy ;,(K-2n) (Fig.2) in the

mers of triazine considered.

Pp. and ®R-branches and allowed the location of the Isotopomer K L
RQ,-subband (Fig. 3), which exhibits an intensity alter- ALAT  ALAY E.E
nation of its J-lines caused by the spin statistics forK=0 ——
Table 3 C,'*N;H; 0 (Jeven) 20 56 70
(Table 3). 0(Jodd) 56 20 70
With the aid of ground state combination differences gp t1 70 70 [20 + 56] + 70
(GSCD’s) it was possible to assign 6215 lines with 4 [BO+36) B3l W0+70
12~ 13 3C;'*N3H; 0 (Jeven) 364 220 572
-81 <AKK 83 and -95<AKJ<94 of '“C;~N3Hj, 3 0(Uodd) 220 364 57
10023 lines with —-90 < AKK < 88 and -90 < AKJ < 89 3px1l 572 572 [364 + 220] + 572
of 1*C;'*N3H; and 7085 lines with -90 < AKK < 84 and P bl | ki
< AKT < § 12~ 15 blish th 2C;"*N3;H; 0 (Jeven) 20 4 20
—90 < AKJ < 89 of "“C; °N3Hj3, and to establish the pa- 0Uodd) 4 20 20
rameters of the excited state v; = 1 (Table 4) by using 3pxl 20 20 [20 + 4] + 20
3p [20+4]  [20+4] 20+20

the least-squares fit program MILLI [10]. Only unblend-
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Fig. 2. Detail of the perpendicular band v, of '?C5"*N3H;. Some *Rx(J)-, PRx(J)- and “Q(J)-lines are marked. Bold numbers
represents band headings. (a) Experimental spectrum. (b) Calculated spectrum.

tb

4,=-1.410"cm"

Q) & +1.4°10°
1

L 1
1555.5

1 1 1
1556.1 1556.3

I(1/<:le1)

Fig. 3. Simulation of the RQ,-subband of the v; band of '2C;'*N;Hj for the determination of the g4”resonance.
(a) Experimental spectrum. (b) Calculated spectrum (q(7+) negative). (c) Calculated spectrum (q(f’ positive).



674

M. Pfeffer et al. - FT-IR Study of the Perpendicular Bands of 1,3,5-Triazine I

Table 4. Molecular constants [em™] of the v; band of triazine isotopomers. (Numbers in parentheses are one standard deviation
in units of the last significant digit). * Fixed values.

12C314N3H3 13C314N3H3 12C315N3H3

Vo 1556.338675 (10) 1523.9991305 (70) 1541.6637908 (63)
c-c 2.15726(22) - 107* 1.87896(14) - 107 2.040952(66) - 107

- 3.093372(84) - 107 2.74860(12) - 107 2.706030(49) - 10~
[(els} 5.018151(28) - 1072 4.9765685(96) - 1072 4.100121(10) - 1072
D} -D; 2.206(15) - 10710 1.782(44) - 1071° 2.1447(77) - 10710
Djx-Djx 5.252(80) - 1071° 7.69(11) - 10710 4.351(21)- 10710
D{ - Dk —6.81(10) - 1071° ~7.08(10) - 1071° -8.305(17) - 1071°
nJ 2.4116(38) - 1077 3.01132(60) - 1077 2.07596(59) - 107”7
X -8.359(44) - 108 -1.54624(80) - 1077 -3.561(66) - 107°
H) -Hj 0? -8.98(43) - 1071°
Hjx-Hjk 0* -8.17(16) - 107"
Hy, - Hg, -5.2(17)- 1075 2.789(23) - 107"?
HY - Hy 7.8(18) - 10713 -1.518(12) - 10713
il 2.19(61) - 10713
'k —4.0(12)- 10713
& -2.06(88) - 1072
q5" -1.4325(41) - 107° -8.602(37) - 107¢ -1.2951(22) - 1073
c 304 - 1076 347-107° 212-107°
number of lines 6215 10023 7085

1

I

1

1

L
1135

1
1145

1155

1165 1175

1195 (1/cm)

Fig. 4. Survey spectrum of the fundamental band vo(E") of '2C;'“N;H;.

ed and equally weighted lines have been used through-

out.

As can be seen, it was possible for 13C4*N3H; to de-
termine all fourth order parameters given in (2), in the
case of '2C4'*N;H; it was only possible to determine
some of them, while they remained undetermined for the
12C,'5N3Hj; isotopomer. In spite of this, the standard de-
viation of the fits was significantly lower for '>C;'°N;Hj,

due to the higher resolution and the better signal-to-noise
ratio of the spectrum of this isotopomer.
To include lines with low values of K into the fit it was

(+)

necessary to introduce a small g7 -interaction term as
given in (3), neglecting the i} , contribution.

As is well known, the sign of the g{*-parameter can
not be determined from frequencies but can be estab-
lished from the intensities, i.e. by simulations of the ex-
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do

Fig. 6. Detail of the P-branches
of the perpendicular band vy of
12C,19N3H;. PPg(24)- and PP (25)-

lines are shown.

1162.5 1162.7 1162.9 1163.1 11633 1163.5

) (a) Experimental spectrum. (b) Cal-
(1/em) culated spectrum.

perimental spectrum. We have done this for q5" by us-

ing the program KILO [10]. As can be seen from Fig. 3,

the sign of g% proved to be negative.

4.3. The vy Fundamental Band of '>C;'*N;H,,
13C314N3H3, and 12C315N3H3

The weak fundamental band vy at 1172 cm™!
(*?C;'*N;H3), (Fig. 4), 1153 cm™ (*3C3'*N3H;) and
1165 cm™! (12C4'5N;H;) represents a text-book-example
of a perpendicular band of a planar symmetric top mole-
cule with respect to the separation and intensity of its sub-
bands. Like the v; band described above, the vy band is
free from accidental resonances at the present resolution.

Contrary to the former, the vo band exhibits a large neg-
ative value of {3 of about —0.73 which results in a strong
g% -resonance and the formation of intense absorption
maxima for the “Qg-subbands with low K-values. As a
further result of this resonance, the intensity of the nor-
mally very weak ®R,,(J)-transitions is enhanced, making
intensity, alternation and frequency shifts clearly visible
(Fig. 5).

The P- and R-branches of the v¢ band exhibit a “pseu-
do parallel structure”, i.e. the subbands form clusters of
lines with the same J-value. Contrary to the parallel band
case, the transitions with the highest intensity are here
the last lines “AK(K) (Fig. 6).

The distance of lines within one J-cluster remains re-
markably constant over the complete frequency area,
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800 810 820 830 840

850 860 (1/cm)

Fig. 7. The difference band vy — v;4 of 12C,"N3H; (1= 144 m, p = 1.1 mbar).
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1 F L N J
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Fig. 8. Part of the central Q-branches of the difference band vy — v, of '2C5!*N;H; between 832.0 and 834.0 cm™". The observed
spectrum is obscured by transitions of the hot bands (v + Via) - 2v147 (0) and (vy + vM)0 — 2110 (A).
(a) Experimental spectrum (/ = 144 m, p = 2.4 mbar). (b) Calculated spectrum.

leading to a very well structured spectrum showing on-
ly few line blendings.

Using GSCD’s it became possible to assign 4500
lines with —75 < AKK <79 and -80 <AKJ<79 of
12C4'*N3H;, 5238 lines with —70 < AKK <71 and
~74 < AKJ <72 of 3C;'*N;3H;, and 4269 transitions

with —-66<AKK<63 and -66<AKJ<64 of
'2C3'5N3H3. These have been subjected to the iterative
program MILLI, taking into account the essential
q$"-resonance according to (3). The simulation of the
RQo () and RR(J) subbands proves ¢ to have a po-
sitive sign.
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Table 5. Molecular constants [cm‘l] of the vy band of triazine isotopomers. (Numbers in parentheses are one standard deviation
in units of the last significant digit).

12C314N3H3 I3C3MN3H3 12C315N3H3
Vo 1172.6397754(82) 1152.8595520(69) 1165.454628(11)
c'-c 1.61411(19) - 107 1.525209(93) - 107 1.57197(18) - 107
B’-B 1.43579(18) - 107 1.530245(90) - 107 1.48024(16) - 107
ey —7.847199(22) - 1072 —7.739895(15) - 1072 -7.953730(22) - 1072
D} -Dj —2.024(98) - 1071° —4.400(19) - 10710 -1.576(46) - 1071°
Djx - Djx 5.73(24) - 107° 1.3528(42) - 107° 6.73(11) - 10710
DY - Dk -2.00(17) - 10710 —7.183(36) - 1071° -3.681(79) - 10710
nJ 1.846(48) - 1078 1.462(12) - 1078 7.74(25) - 107°
nX —6.629(49) - 1078 6.091(14) - 107® -4.920(27) - 1078
HY -H) -6.1(15)- 107
Hjy-Hig 1.67(56) - 10-1“l :
HY, - Hi, -2.33(72) - 10”
HY - Hy 1.48(38) - 10714
v -2.0(11)-10713
¥ -1.13(23)- 1072
i 9.9(17)- 10713
q% 4.84267(40) - 107* 477391(22) - 107* 4.57977(81) - 107
q§ -6.74(25) - 1071° -5.26(13) - 107'° ~2.46(60) - 107'°
a§K -1.87(37)- 107 1.28(17)- 107" 40(11)- 107
c 178 - 107¢ 199 - 107¢ 261-107°
number of lines 4500 5238 4269
(--)
s %, (13)
A\ - ()
-9 Po(13 fod - -
%, (1) o )\ 25, (12) % 9) QP(,()l 0) pr}
g t2) (++ o
7 op438) P, (8)
0, + + i (S
Qs () O 7 Wi ol Q)
Pi(9)
829.0 829.1 829.2 829.3 829.4 829.5 (1/cm)

Fig. 9. Detail of the P-branches of the difference band vg — v,4 of 12C;'*N3H; between 829.0 and 829.6 cm™. The 2P (J)-tran-

sitions exhibit a strong A,/A,-splitting. The spectrum is obscured by hot band transitions.
(a) Experimental spectrum (/ = 144 m, p = 2.4 mbar). (b) Calculated spectrum.
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The lines used as input data are all unblended and,
therefore, equally weighted. The results are set out in
Table 3. In the case of '*C;'*N;H; and 2C;'N;Hj; the
quality of the spectra allowed only a fit up to the n’s.

4.4. The Difference Band vo— v,4 of >C;'*N;H;

In [2] we had reported on a method to determine the
molecular constants of the lowest fundamental band v, 4
which is IR-inactive. At that time, the quality of the pa-
rameters established could not be verified because of the
lack of an experimental spectrum of the v;4 band.

In the meantime, this verification became possible by
the analysis of the difference band vg—vy4 of
12C,1¥N3H,. This difference band at 833 cm™ is very
weak and can only be observed with a White cell
(Figure 7). As can be seen from the Fig. 8 and 9, the spec-
trum of the vy — v, difference band is obscured by the
hotbands (vg + v;4)*2 — 2v,,2and (vg + v14)° — 2v140, re-
spectively. Nevertheless, the “cold” lines, i.e. the lines
having v, = 1 as lower state, are clearly discernible.

The vg —vy4 difference band is characterized by a
PAPE-structure (parallel band with perpendicular struc-
ture) [11]. As a result of the large difference of
(CO14— (COy of 7.845-102cm™!, all transitions
J” — J splitinto the two components (+) — (+I) ((++))
and (-I) = (<) ((=-)), which are spread out over the
whole spectrum. In the present case, 2QK“**(J)-transi-
tions are shifted to lower wavenumbers, while
QQK“"(J) are shifted to higher wavenumbers
(Figure 8). The difference of the g‘*-parameters of the
two niveaus involved results in a strong A;/A,-splitting
of levels with kl = +1, as can be seen from Figure 9. Us-
ing the molecular constants of the lower state vy, = 1 [2]
and of the upper state v = 1 (Table 5), about 3600 tran-
sitions of the difference band vy — v{4 could be assigned
and fitted with a standard deviation o= 382 - 106cm™.
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The fitted parameters of the vo — v,4 difference band are
not given here because they do not deviate significantly
from the corresponding differences of parameters of
Vo =1and v, = 1, respectively.

As the Figs. 8 and 9 show, the spectrum of the vg—v;,
difference band is nicely reproduced by these parame-
ters, proving thereby the quality of the molecular con-
stants of the v,4 fundamental band.

5. Conclusion

In the present study the perpendicular bands v and vy
of the isotopomers '2C;'*N;H;, '3C;'*N;H; and
12C4'5N;H; have been analyzed and the molecular con-
stants of the states v; = 1 and vy = 1 are given. By com-
bining the molecular constants of vg =1 and of v}, =1
[2], the analysis of the weak difference band vy — v;4 of
12C,41¥N;H; was possible, thus verifying the constants of
the IR-inactive band v,4.

The analysis of the other IR-active perpendicular
bands of the triazines considered and of all IR-active
fundamental of the isotopomers '*C;'*N;H; and
12C4'5N;H; will be the subject of some forthcoming pa-
pers.
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