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The rR, r0, andrs structures of 1,3,5-triazine (12C3
14N3H3) have been determined in the gas phase by analysis

of electron diffraction data and high-resolution FTIR spectra, including those for the isotopomers12C3
15N3H3,

13C3
14N3H3, 13C3

15N3H3, and12C3
14N3D3, in solution in liquid crystal solvents by NMR spectroscopy, and by

ab initio calculations. Combining gas- and solution-phase data in a single analysis yields a very precise
structure, with final parameter values (rR°) r(C-N) 133.68(1) pm,r(C-H) 108.9(2) pm, and∠(CNC) 113.82-
(9)°. The final structure obtained is also compared with the crystal structure.

Introduction

The major techniques for determining molecular structure in
fluid phases are electron diffraction, rotational spectroscopy,
high-resolution infrared and Raman spectroscopy, and liquid
crystal NMR (LCNMR) spectroscopy. Like any experimental
method, however, each has its limitations,1 and so it is rarely
that any one method alone can give a complete structural
determination for any but the simplest of compounds. It is
therefore common practice to combine data from these three
techniques to arrive at a final solution, the best structure based
on all available experimental information.2-4 In addition, the
Edinburgh group has recently developed a method (called
structure analysis restrained by ab initio calculations for electron
diffraction, or SARACEN5) for combining experimental and ab
initio data to give more complete, reliable structure determina-
tions.
When combining data obtained by different experimental

methods, and particularly for molecules in different phases, it
is essential that the physical meaning of geometrical parameters
is consistent and that the structure in condensed phases is
unaffected by neighboring molecules. A key molecule in this
respect is 1,3,5-triazine, in that it is possible to determine its
structure experimentally in gas, solution, and solid phases
independently, and also by ab initio calculations. As it is a
planar molecule withD3h symmetry, it has only three structural
parameters (r(C-N), r(C-H), and a ring angle), and so it is
possible to refine the complete structure using only electron
diffraction data or only rotation constants, and all but an overall
scale factor using dipolar couplings derived from LCNMR
spectra.6 The validity of combining the data from the three
techniques can thus be easily assessed. As the molecule has
no dipole moment, the rotation constants are only accessible
by high-resolution infrared spectroscopy.
In addition to the experimental structure determination, a

series of ab initio molecular orbital calculations was carried out

for 1,3,5-triazine, to provide both the molecular geometry and
a scaled harmonic force field (using the ASYM40 program7)
for comparison with experimental results. The calculated force
field was used to obtain vibrational amplitudes adopted in GED
structural analyses. Similarly, the vibrational corrections re-
quired to convert the rotation constants and dipolar couplings
to an appropriate structural type to be included as additional
structural information in the GED refinement were also obtained
from the calculated force field.
The study consists of two major parts, the first based on data

from single methods, the second combining data from two or
more methods. Four single-method structural studies, based on
ab initio calculations, LCNMR spectroscopic data, rotation
constants, and GED data, are presented. In the two combined
studies the GED data are progressively supplemented with
information obtained from rotational and LCNMR spectroscopy.
The advantages of combining data in this manner are fully
discussed. Finally, there is a comparison of the gas-phase
structure with some previous solid-phase structural results.8

Experimental and Theoretical Methods

Ab Initio Calculations. All calculations were carried out
on a DEC Alpha APX 1000 workstation using the Gaussian
suite of programs.9,10

Geometry Optimizations.A graded series of calculations
was performed, from which the effects of improvement in basis
set treatment and level of theory could be gauged. Geometry
optimizations were performed using standard gradient techniques
at the SCF level of theory using basis sets up to 6-31G*11-13

and 6-311G**.14,15 Basis sets up to 6-31G(2df,2pd) were used
for optimizations at the MP2(FC) level of theory. We also
wished to investigate the effects of higher order correlation
treatments, and accordingly calculations using the 6-311G**
basis set at the MP3(FC), MP4SDQ(FC), CCSD, and CCSD-
(T) levels of theory were also carried out.
Frequency Calculations.Vibrational frequency calculations

were performed at the 3-21G*/SCF, 6-31G*/SCF, and 6-31G*/
MP2 levels to verify that 1,3,5-triazine has overallD3h sym-
metry. The force constants obtained in the highest level
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calculation were used in the construction of a harmonic force
field using the ASYM40 program,7 which was successfully
scaled against the set of experimental vibrational frequencies.
Scale constant values of 0.938, 0.956, and 0.919 were obtained
for bond stretch, angle bend, and torsion force constants,
respectively. Symmetry coordinates used to describe the various
vibrational modes of the molecule in the construction of the
force field are given in Table 1.
The theoretical force field was found to be in excellent

agreement with one derived from experimental (infrared spec-
troscopy) data (see below) and with an older experimental force
field.16 The two sets of vibrational amplitudes calculated using
these force fields were found to be in agreement to within 0.5%.
Similarly, the vibrational corrections, required to convert rotation
constants and dipolar couplings to the structural type appropriate
for inclusion as additional structural information in the GED
refinement, were found to agree to within 10% on average. (The
larger percentage variations in some of these corrections arise
from the fact that they are sums of several terms which are not
all of the same sign.) Since the experimental force field is
considered to be the more reliable of the two force fields, the
final combined analysis refinement for 1,3,5-triazine was
performed using the experimentally determined vibrational
corrections.
Gas-Phase Electron Diffraction. Sample Preparation.A

sample of 1,3,5-triazine (97% pure) was purchased from the
Aldrich Chemical Co. and used without further purification.
Impurities at this level are normally undetectable in electron
diffraction experiments and have no effect on any of the
spectroscopic measurements. The results are therefore not
measurably dependent on the sample purity.
Experiment.Electron scattering intensities were recorded on

Kodak Electron Image photographic plates using the Edinburgh
apparatus.17 The sample was maintained at a temperature of
364 K and the nozzle at 387 K. The four plates (two from the

long camera distance and two from the short distance) were
traced digitally using a computer-controlled Joyce-Loebl MDM6
microdensitometer at the EPSRC Daresbury laboratory.18 Stan-
dard programs were used for the data reduction18 and least-
squares refinements,19with the scattering factors of Ross et al.20

The weighting points used in setting up the off-diagonal weight
matrix, s range, scale factors, correlation parameters, and
electron wavelengths are given in Table 2.
GED Model. Assuming overallD3h symmetry, just three

parameters are needed to define the structure of the molecule:
the C-N bond distance (p1), the CNC ring angle (p2), and the
C-H bond distance (p3). The molecular framework is shown
in Figure 1.
High-Resolution Infrared Spectroscopy. The isotopomers

12C3
15N3H3, 13C3

14N3H3, 13C3
15N3H3, and 12C3

14N3D3 were
synthesized as described elsewhere.21 Spectra22 were recorded
for these isotopomers and12C3

14N3H3 at room temperature, using
Bruker 120 HR-FTIR spectrometers at the University of Giessen
and University of Oulu, in the range 3000-600 cm-1 with
maximum optical path difference of 330-540 cm, the effective
resolution being 0.004-0.002 cm-1. Stainless steel cells with
KBr windows were used, with total pressure in the range 0.1-
1.5 mbar. In each case about 300 scans were added, and boxcar
apodization was applied. Spectra were calibrated by comparison
with published CO2 and H2O line wavenumbers.23 The absorp-
tion accuracy of calibration lines was between 10-3 and 10-4

cm-1. The relative accuracy of the peakfinder evaluated lines
is about 2× 10-4 cm-1.

Results and Discussion

Ab Initio Calculations of Molecular Geometry. Geometry
optimizations for 1,3,5-triazine were performed at 14 levels in
order to gauge the effects of improving the theoretical treatment
upon the molecular geometry and to compare the theoretical
structures with those determined experimentally. Results from
all but the low-level 3-21G* and 4-21G* calculations are given
in Table 3.
The C-H bond length and ring angles were largely unaffected

by improvements in basis set and level of theory. However,

TABLE 1: Internal Coordinates and Symmetry Coordinates
Used for the Theoretical Force Field of 1,3,5-Triazine

(a) Internal Coordinates

bond stretch angle bend out-of-plane bend

R1N1-C2 R1C2-N1-C1 τ1 C2-H2-N3-N1

R2C2-N3 R2N3-C2-N1 τ2 C3-H3-N2-N3

R3N3-C3 R3C3-N3-C2 τ3 C1-H1-N1-N2

R4C3-N2 R4N2-C3-N3 τ4 C2-N2-C3-C1

R5N2-C1 R5C1-N2-C2 τ5 C3-N1-C1-C2

R6C1-N1 R6N1-C1-N2 τ6 C1-N3-C2-C3

R7C2-H2 R7H2-C2-N1

R8C3-H3 R8H2-C2-N3

R9C1-H1 R9H3-C3-N3

R10H3-C3-N2

R11H1-C1-N2

R12H1-C1-N1

(b) Symmetry Coordinates

spe-
cies symmetry coordinate description

a1′ S1) R7+R8+R9 C-H symmetric stretch
S2) R1+R2+R3+R4+R5+R6 ring symmetric stretch
S3 ) R1-R2+R3-R4+R5-R6 ring bend

a2′ S4 ) R1-R2+R3-R4+R5-R6 ring asymmetric stretch
S5 ) R7-R8+R9-R10+R11-R12 H wag

a2′′ S6 ) τ1+τ2+τ3 H symmetric out-of-plane bend
S7 ) τ4+τ5+τ6 N symmetric out-of-plane bend

e′ S8 ) -R7+2R8-R9 C-H asymmetric stretch
S9 ) 2R1-R3-R5 ring bend
S10 ) 2R1-R2-R3+2R4-R5-R6 ring bend
S11 ) R7-R8-R11+R12 H wag
S12 ) -R1+2R2-R3-R4+2R5-R6 ring stretch

e′′ S13 ) 2τ1-τ2-τ3 H asymmetric out-of-plane bend
S14 ) 2τ4-τ5-τ6 N asymmetric out-of-plane bend

TABLE 2: GED Data Analysis Parameters

weighting
functions (nm-1)

camera
distance
(mm) ∆s smin s1 s2 smax

correlation
parameter

scale
factor,
ka

electron
wavelengthb

(pm)

95.46 4 68 80 304 356 0.3965 0.843(20) 5.680
260.06 2 20 40 130 150 0.2432 0.788(6) 5.680

a Figures in parentheses are the estimated standard deviations.
bDetermined by reference to the scattering patterns of benzene vapor.

Figure 1. Internal coordinates used in the analysis of the experimental
vibrational force field of 1,3,5-triazine. See Table 10. Out-of-plane
wagging motions areη1 ) N2-C1-N1-H1, η2 ) N1-C2-N3-H2, and
η3 ) N3-C3-N2-H3; torsions are centered onτ1 ) C1-N1, τ2 ) N1-
C2, τ3 ) C2-N3, τ4 ) N3-C3, τ5 ) C3-N2, andτ6 ) N2-C1.
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the C-N bond distance varied rather more, and very large basis
sets were eventually used, so that this distance could be brought
as close to convergence as possible. As expected, the inclusion
of electron correlation was needed for an accurate description
of C-N bonds,24 with the bond distance increasing by around
2 pm when the effects of electron correlation were introduced
at the MP2 level, and further geometry optimizations were
undertaken at the MP3, MP4SDQ, CCSD, and CCSD(T) levels
using the 6-311G** basis set. These improvements resulted in
continuing changes in the C-N and C-H bond distances;
assuming that these changes would be repeated with the largest
basis set, 6-311G(2df,2pd), our best estimate ofr(C-N) is
133.82 pm, with 108.39 pm forr(C-H).
Excluding the results from the lowest level calculation, the

range of predicted CNC bond angles was only 0.5°. Improving
the basis set beyond 6-31G* at both the SCF and MP2 levels
resulted in no appreciable change, and similarly, the introduction
of electron correlation at the MP2 level resulted in only a slight
narrowing of the CNC angle, while higher levels of theory
resulted in no further significant change.
Variations in the C-H distance were similar to those observed

for the C-N distance; improvements in the basis sets beyond
6-31G* led to minor changes in the value of this parameter,
while calculations at the MP2 level resulted in a slight
lengthening of bonds. Further improvements in the correlation
treatment to MP3 and MP4 resulted in changes in bond length
of just 0.1 pm.
We have demonstrated that all parameters for 1,3,5-triazine

have successfully converged with respect to improvements in
both the basis set and the level of electron correlation by normal
standards. However, for the highly accurate work described
here further improvements in the size of basis set and treatment
of electron correlation are still necessary.
Structural Analysis of LCNMR Data Alone. A structural

refinement based only on the five dipolar coupling constants

of Marchal et al.6 (Table 4) was performed to compare the
solution-phase structure of C3N3H3 with that found in the gas
phase by GED, as documented below. The vibrational correc-
tions required to convert the dipolar couplings fromD0 to DR
(equivalent to therR° GED structural type) were obtained from
the experimental harmonic force field. Note that the vibrational
corrections derived from the calculated force field are also given
in Table 4 for comparison.
As 1,3,5-triazine has a 3-fold axis, only one coefficient (Sxx

) Syy ) -1/2Szz) is necessary to characterize the orientation of
the molecule in the liquid crystal solvent. In analyses of
LCNMR data, orientation parameters have unknown values. It
is therefore normal practice to fix one or more geometrical
parameters at assumed values and to vary orientation parameters
and remaining structural parameters to achieve an acceptable
fit of calculated and observed coupling constants. In the present
case, the orientation parameter was obtained in the combined
analysis of GED and LCNMR data described below. This value
was used as an additional observation in the LCNMR-only
analysis, with its refined esd used as the uncertainty which
defines the weight given to the extra observation.4 The
orientation parameter and all three structural parameters could
then be refined simultaneously, giving esd’s which take into
account the uncertainty in the orientation parameter. In effect,
the scaling information has been derived from the GED data.
The structure derived from LCNMR data alone is presented

in column 1 of Table 5. With the C-N distance refining to a
value of 133.4(7) pm and the CNC angle to 114.2(11)°, the
ring parameters for 1,3,5-triazine are not as well-defined as in
the GED refinement documented below. This result was
expected since LCNMR spectroscopic measurements are limited
to studying nuclei with spin quantum number1/2. For the 1,3,5-
triazine sample studied by Marchal et al.6 dipolar couplings were
observed between the nuclei1H, 15N, and13C without isotopic
enrichment. Since natural abundances for the two ring atom

TABLE 3: Ab Initio Molecular Geometries and Energies of 1,3,5-Triazine (re/pm, ∠/degE/Hartree)
basis set level r(C-N) r(C-H) ∠CNC energy

6-31G* SCF 131.80 107.49 114.39 -278.695843
6-311G** SCF 131.68 107.54 114.39 -278.756676
6-31G* MP2 134.07 108.79 114.00 -279.538735
6-31G* MP3 133.5 108.66 114.05 -279.547896
6-31G* MP45SDQ 133.85 108.90 113.89 -279.558626
6-311G** MP2 133.87 108.68 113.90 -279.653479
6-311G** MP3 133.34 108.53 113.94 -279.659724
6-311G** MP4SDQ 133.66 108.76 113.78 -279.670706
6-311G** CCSD 133.67 108.64 113.78 -279.670951
6-311G** CCSD(T) 134.31 108.86 113.58 -279.717181
6-311G(df,p) MP2 133.45 108.79 113.85 -279.752373
6-311G(2df,2pd) MP2 133.88 108.21 114.03 -279.812754

TABLE 4: Rotation Constants (B) and Liquid Crystal NMR Spectroscopic Dipolar Couplings (D) for 1,3,5-Triazine

constant
observed

(B0/MHz orD0/Hz)

harmonic correction
(MHz or Hz)

experimental force field

harmonic correction
(MHz or Hz)

theoretical force field
corrected

(B0/MHz orD0/Hz) calculateda uncertaintyb

rotation constants
B(H) 6441.338(3) -2.96 -3.15 6438.428 6438.769 0.3
B(D) 5809.083(25) -1.93 -2.19 5807.153 5807.153 0.2
B(13C) 6241.5938(18) -2.87 -3.04 6238.7238 6238.708 0.3
B(15N) 6218.032(4) -2.85 -3.03 6215.182 6215.209 0.3
B(13C,15N) 6031.7019(27) -2.75 -2.92 6028.9519 6028.599 0.3

dipolar couplingsc

D(N1,H1) 80.0(6) 1.5 1.6 81.5 81.4 0.6
D(C1,H1) -1300.0(6) -91.2 -79.3 -1391.2 -1389.8 9.0
D(C3,H1) -53.5(6) -0.4 -0.3 -53.9 -53.3 0.6
D(N3,H1) 16.6(20) 0.1 0.0 16.7 13.6 2.0
D(H1,H2) -100.3(6) -0.8 -0.7 -101.1 -101.6 0.6

a From the final combined analysis refinement.bUsed to weight data in structure refinement.c From ref 6.
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isotopes are only 0.4% and 1.1%, respectively, and the mag-
netogyric ratios for15N and13C are small compared to1H (only
one-tenth or one-quarter of that of1H, respectively), the accuracy
of the ring atom positions is expected to be somewhat limited.
In contrast, the natural abundance of the1H isotope is 100%.
The structural information contained within the LCNMR dipolar
couplings will therefore describe the positions of the hydrogen
atoms more accurately than the ring atoms. This was indeed
found to be the case; the C-H distance refined to a value of
108.9 pm, with an esd of just 0.2 pm.
The structure derived from the LCNMR data is insignificantly

different from that calculated ab initio, with values for all
parameters in agreement to within one standard deviation.
The LCNMR data are thus complementary to the GED data,

which provide information preferentially about the heavier ring
atoms. Combining the two sets of data will therefore lead to a
more accurate structure. This LCNMR-only analysis demon-
strates that any distortion of the structure in solution is
insignificantly small and that the combination of different types
of data is valid in this case.

Vibration/Rotation Spectra. Spectral Analysis.For the
planar D3h molecule 1,3,5-triazine the 21 normal modes
distribute according to 3a1′ + 2a2′ + 5e′ + 2a2′′ + 2e′′, of which
the e′ and a2′′ modes are infrared active and a1′, e′, and e′′ are
Raman active. The double primed species are out-of-plane
vibrations, while the single primed are in-plane modes.
The fundamentals were analyzed using the ground-state

combination differences (GSCD) program DIFNEU,25 the least-
squares program MILLI,26 and the simulation program KILO.26

For each fundamental about 3000 transitions were assigned,
yielding the ground-state parameters and upper state constants
up to the sixth-order terms, H. The analyses ofν11 andν12 for
all isotopomers and ofν14 for 12C3

14N3H3 have been already
published.21,27,28 All other analyses will be the subjects of
forthcoming publications.
All results necessary for the calculation of the molecular

structure and force field are summarized in Table 6 (ground-
state constants), Table 7 (frequencies,ν0), Table 8 (Coriolis
coupling constants,ú), and Table 9 (amplitudes of vibration,
u29).

TABLE 5: Molecular Structure of 1,3,5-Triazine ( r/pm, ∠/deg)
resultsa

parameter
LCNMR
data aloneb

rotation
constantsc

rotation
constantsd

GED
data aloneb

GED+ rotation
constantsb

GED+ rotation
constants+ LCNMRb

structural
p1 r(C-N) 133.4(7) 133.67(1) 133.41(5) 133.94(10) 133.68(1)e 133.68(1)e

p2 r(C-H) 108.92(20) 108.62(16) 108.69(8) 110.3(6) 108.94(19) 108.91(18)
p3 ∠CNC 114.2(11) 113.95(8) 113.97(8) 113.9(2) 113.79(8) 113.82(9)
p4 r(C-H) - r(C-D) 0.21(9) 0.20(8)

orientational
p5 Szz -0.1189(4) -0.1189(5)

dependent
∠NCN 125.8(11) 126.05(8) 126.03(8) 126.1(2) 126.21(8) 126.18(9)

a Figures in parentheses are the estimated standard deviations in units of the last digit.b rR°. c r0. d rs. e re ) 132.88(19).

TABLE 6: Ground-State Constants [cm-1] of Isotopomers of Triazine

C3N3H3
13C3N3H3 C3

15N3H3
13C3

15N3H3 C3N3D3

C0b 0.1074 0.1041 0.1037 0.1006 0.0969
B0 0.21486156(10) 0.20819716(6) 0.20741124(12) 0.20119592(9) 0.19377014(83)
DJ

0 5.3433(58)× 10-8 5.0190(29)× 10-8 5.0150(57)× 10-8 4.7131(39)× 10-8 3.96743(40)× 10-8

DJK
0 -8.856(17)× 10-8 -8.3267(83)× 10-8 -8.283(15)× 10-8 -7.8178(91)× 10-8 -6.5400(12)× 10-8

DK
0b 3.970× 10-8 3.740× 10-8 3.705× 10-8 3.51× 10-8 2.921× 10-8

HJ
0 2.8(11)× 10-14 1.84(42)× 10-14 9.3(87)× 10-15 1.41(52)× 10-14 1.73(59)× 10-14

HJK
0 -1.46(41)× 10-13 -8.9(15)× 10-14 6.8(32)× 10-14 -9.9(15)× 10-14 -5.8(23)× 10-14

HKJ
0 3.08(70)× 10-13 1.70(25)× 10-13 -1.69(53)× 10-13 2.21(23)× 10-13 1.26(48)× 10-13

HK
0b -1.73× 10-13 -9.2× 10-14 9.11× 10-14 -1.2× 10-13 -7.53× 10-14

σ 9.1× 10-5 1.194× 10-4 2.55× 10-5 1.2× 10-4 1.97× 10-4

GSCD 944 2535 4817 1562 5223

a Figures in parentheses are one standard deviation in units of the last significant digit.b From planarity conditions.

TABLE 7: Fundamentals of the Triazine Isotopomers [cm-1]
12C3

14N3H3
12C3

15N3H3
13C3

14N3H3
13C3

15N3H3
12C3

14N3D3 Γ|v〉 activity

ν1 3052.1a [3028c,d] [3066c,d] [3062c,d] [2293d,g] A1′ Ra
ν2 1138.1a 1138c,d,f 1100c,d,f 1098c,d,f 1083d,f,g A1′ Ra
ν3 989.7a 957.1c,d,f 988.1c,d,f 957.1c,d,f 985d,f,g A1′ Ra
ν4 1375b A2′
ν5 1000b A2′
ν6 3062.91d 3056.7d,e 3050.1d,e 3048.8d,e 2276.5d E′ IR/Ra
ν7 1556.34d 1541.67d 1523.95d 1509.6d 1530.8d E′ IR/Ra
ν8 1409.96d 1390.80d 1404.7d 1384.4d 1284.72d E′ IR/Ra
ν9 1172.64d 1165.45d 1152.91d 1145.6d 929.58d E′ IR/Ra
ν10 675.78d 662.56d 666.7d 653.8d 663.98d E′ IR/Ra
ν11 926.59d 922.04d 913.55d 909.43d 860.64d A2′′ IR
ν12 736.74d 728.50d 731.49d 722.56d 574.62d A2′′ IR
ν13 1032d,g 1033c,d 1023c,d 1021c,d 862c,d E′′ Ra
ν14 339.50d 334.11d 337c,d,f 331c,d,f 309d,g E′′ Ra

aRef 45.bRef 40.c Solid state.d This work. eApproximately corrected for Fermi resonanceν6/2ν7. f Approximately corrected for solid or liquid-
state shift.g Liquid state, ref 16. [ ]: not used in the force-field calculation.
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The following points should be noted:
(1) Due to the lack of information on overtones and

combination bands, no corrections have been made for anhar-
monicity effects.
(2) The frequencies of IR-active fundamentals quoted to two

or more decimal places and all Coriolis coupling constants result
from analyses of the high-resolution FTIR spectra with the
program MILLI.
(3) The frequencies of IR-active fundamentals quoted to one

decimal place are results of preliminary analyses of the high-
resolution FTIR spectra.
(4) All ν6, except that of12C3

14N3D3, are perturbed by a Fermi
resonance with 2ν7. The frequency ofν6 of 12C3

14N3H3 is
corrected exactly for this perturbation. All otherν6 frequencies
have been adjusted approximately by using the difference
between (2ν7)obs and 2ν70.
(5) Frequencies of the Raman-active fundamentals, observed

in the liquid or solid state, have been adjusted by applying the
corresponding difference (νgas-liq) or (νgas-sol) measured for
12C3

14N3H3.
(6) The intensities of the Raman-active fundamental,ν1, of

12C3
15N3H3, 13C3

14N3H3, 13C3
15N3H3, and12C3

14N3D3, observed
in the solid state, seem to be heavily perturbed. These data
have therefore been excluded from the force field calculation.
(7) The Coriolis coupling constants,úz, cannot be observed

directly. The corresponding observable is (Cún)′ in this case.
Thereforeúzn has to be defined as

This definition is not entirely satisfactory, because an upper
state constant is divided by a ground-state constant, whose value
is derived by the planarity rule neglecting the inertial defect,
which is only an approximation.
The theoretical sum rule30 for the e′ species is given by

Comparison of this value with the experimental sum of
-0.778 for12C3

14N3H3 (Table 8) indicates that some of these
Coriolis constants may be perturbed. In this respect, the most
prominent candidates seem to beúz7 andúz10, because they have
large absolute values (which are not well reproduced by the
theoretical force field) and also differ substantially from the
correspondingúzn values for12C3

15N3H3.
Structure Calculations.In the determination of the molecular

structure from the rotation constants, the same model was used
as in the GED refinements. To extract the three parameters on

the r0 level, rotation constantsB of at least three different
isotopomers are necessary, while the calculation of thers
parameters requires at least four isotopomers. Rotation constants
measured from pure rotational FTIR spectra in the gas phase
were available for each of five different isotopomers, namely
the parent species, D3C3N3, H3

13C3N3, H3C3
15N3 and H313C3

15N3.
With the B0 values least-squares methods can be used and
applied to the evaluation of bothr0 and rs structures.
In ther0 method the structural parameters are adjusted in the

least-squares refinement to optimize the fit to the experimental
moments of inertia or rotation constants of all isotopomers. The
rs method is different. It was originally designed by Kraitch-
man31 to use a minimal set of rotational constants, extended
for multiple substitutions in symmetric top molecules with
higher symmetry by Chutjian32 and Nygaard33 and developed
to handle single and multiple substitutions in general and to
make use of overdetermined sets of rotation constants.34 Both
methods,r0 and rs, have recently been reviewed.35

In the case of triazine, the Kraitchman equations conserving
theD3h symmetry can be written32

where rx is the distance of atom X from the center of mass.
Taking into account the molecular symmetry, the structural
parameters are found to be

Costain36 has derived an estimate for the uncertainty of the
substitution coordinates, based on the assumption that the
uncertainties of the differences between planar moments of
inertia,Pb′- Pb, are on the order of 0.003 Å2. The uncertainties
of the rs coordinates in triazine are then given by

In columns 2 and 3 of Table 5 the structural parameters
derived by both methods are presented. It is important to note
that both sets of parameters have been determined from an
overdetermined set of data,37 including experimental rotation
constants for all isotopomers. The differences between ther0
and rs structures are very small. This may be an indication
that thers structure is very near to there structure.38

Refinement of the Molecular Force Field. A considerable
number of attempts to settle the force field of triazine have been
reported.16,29,39-44 All of them suffered from a lack of sufficient
experimental data so that the authors had to transfer constants
from similar molecules or, with the improvement of quantum
chemical calculation facilities, to use scaled ab initio force fields.
The new experimental data collected in this paper made it

worthwhile to recalculate the force field of 1,3,5-triazine on the
basis of the following data: (a) thers structure (Table 5); (b)
the vibrational fundamentals (Table 7), including results from
refs 40 and 45; (c) the Coriolis coupling constants (Table 8);
(d) the centrifugal distortion constants (Table 6); (e) the rms
amplitudes of vibration from the original GED study29 (Table
9).

TABLE 8: Experimental Coriolis Coupling Constants
[Dimensionless]

12C3
14N3H3

12C3
15N3H3

13C3
14N3H3

13C3
15N3H3

12C3
14N3D3

úz6 -0.009
úz7 0.4672 0.3954
úz8 -0.0756 -0.0207 -0.5787
úz9 -0.7307 -0.7670 -0.74350 -0.3388
úz10 -0.4300 -0.5476 -0.5352
úz14 -0.00024 -0.00024

TABLE 9: Observed rms Amplitudes of Vibration [ u/pm] of
C3N3H3

a

C1C3 N1C1 C1N3 C1H1 C1H3 N1N2 N1H1 N1H3 H1H3

u 4.7 4.5 6.1 7.0 8.0 5.0 9.1 9.4 12.7

a Taken from ref 29.

úzn )
(Cúzn)′
C0

(1)

∑
t

úzt ) -1 (2)

rx
2 )

2(Pb′ - Pb)

3∆mx
)
2(Ib′ - Ib)

3∆mx
x) C, N, H (3)

r(C-H) ) rH - rC rN‚‚‚N ) rNx3 (4,5)

rC-N ) xrC2 + rN
2 - rCrN rC‚‚‚C ) rCx3 (6,7)

∠CNC) arccos[1- 1.5(rN/rC-N)
2] (8)

∠NCN) arccos[1- 1.5(rC/rC-N)
2] (9)

σ(rx) ) 2× 0.003
2× 3× ∆mxrx

≈ 0.001
rx

(10)
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These last values were used because information on ampli-
tudes of vibration derived from this force field was used in the
current refinements of electron diffraction data, and it was
essential to avoid the possibility of circular argument.
In previous calculations different sets of internal coordinates

have been utilized. Following the treatments of refs 29, 39,
and 40, we used the set of 30 internal coordinates shown in
Figure 1: 9 bond stretches, 12 bond angle bendings, 3 out-of-
plane waggings, and 6 torsions. Since there are only 21 normal
modes, 9 redundancies have to be eliminated. Symmetrizing
the internal coordinates according toD3h, 5 redundancies are
identified simply by inspection. However, the remaining 4
redundancies, belonging to the symmetry blocks E′ and E′′, have
no simple coefficients and were determined using the program
GTAUZ.46 Orthogonalizing the symmetry coordinates with
respect to the latter redundancies, the final symmetry coordinates
given in Table 10 in unnormalized form were derived. This
choice was also guided by avoidance, where possible, of high
correlations during the fitting process and by the potential energy
distributions.
On this basis the force field was fitted by weighted least-

squares using the program ASYM40.7 Starting values for the
force constants were taken from a scaled ab initio force field
obtained at the 6-31G*/MP2 level. During the fitting procedure
prohibitively high correlations (i.e.|r|> 0.99) were encountered,
because not all force constants are sensitive to the frequencies,
to the vibration-rotation interactions, and to the vibrational
mean-square amplitudes. The interaction constantsF1,2, F1,3,
F2,3, F4,5, F7,10, andF13,14 were therefore fixed at the initial
values. The final force field is presented in Table 11. Following
a suggestion of Watson47 for the reproduction of the calculated
values of the data, more digits of theFij are retained than seem
justified by the uncertainties. The molecular constants calcu-
lated with this force field are summarized in Tables 12, 13,
and 14.

The frequencies of the IR-active fundamentals, the centrifugal
distortion constants, and the root-mean-square amplitudes are
nicely reproduced. The generally poorer fit to the12C3

14N3D3

data reflects the difference of the anharmonicities and the
imbalance of the numbers of the H and D molecules. As
expected, the Raman frequencies, observed in the liquid and
solid state, andν6, a C-H stretching mode, show larger
deviations. Finally, the Coriolis constants are less well repro-
duced. The quoted value ofúz10 for 12C3

14N3H3 is merely an
effective value, as we have no information about the nature of
the perturbation involved.

TABLE 10: Symmetry Coordinatesa Used to Fit the Experimental Force Field

S1: D1 + D2 + D3

S2: Φ1 + Φ2 + Φ3 + Φ4 + Φ5 + Φ6 + 2(Θ1 + Θ3 + Θ2) - 2(R1 + R2 + R3)
S3: d1 + d2 + d3 + d4 + d5 + d6
S4: Φ1 - Φ2 + Φ3 - Φ4 + Φ5 - Φ6

S5: d1 - d2 + d3 - d4 + d5 - d6
S6a: 2D1 - D2 - D3

S7a: 0.454418(d1 + d2) - (d3 + d6) + 0.545582(d4 + d5)
S8a: Φ3 - Φ4 - Φ5 + Φ6

S9a: -(d1 + d2) + 0.058983(d3 + d6) + 0.941017(d4 + d5) + 0.161235[-2(Φ1 + Φ2) + Φ3 + Φ4 + Φ5 + Φ6 + 2(2R1 - R2 - R3)] -
0.514025(2Θ3 - Θ1 - Θ2)

S10a: 0.531340[-2(Φ1 + Φ2) + Φ3 + Φ4 + Φ5 + Φ6 + 2(2R1 - R2 - R3)] + (2Θ3 - Θ1 - Θ2)
S6b: -D2 + D3

S7b: -(d1 - d2) + 0.058983(d3 - d6) - 0.941017(d4 - d5)
S8b: 2(Φ1 - Φ2) - (Φ3 - Φ4 - Φ5 + Φ6)
S9b: -0.454418(d1 - d2) + (d3 - d6) + 0.545582(d4 - d5) + 0.249203[Φ3 + Φ4 - Φ5 - Φ6 - 2(R2 - R3)] - 0.794468(Θ1 - Θ2)
S10b: 0.531340[Φ3 + Φ4 - Φ5 - Φ6 - 2(R2 - R3)] + (Θ1 - Θ2)
S11: -η1 - η2 - η3 + τ1 - τ2 + τ3 - τ4 + τ5 - τ6
S12: 2(η1 + η2 + η3) + τ1 - τ2 + τ3 - τ4 + τ5 - τ6
S13a: 2η1 - η2 - η3

S14a: (τ1 - τ6) + 0.058983(τ2 - τ5) - 0.941017(τ3 - τ4)
S13b: η2 - η3

S14b: 0.454418(τ1 + τ6) - (τ2 + τ5) + 0.545582(τ3 + τ4)

Redundancies
R1: Φ1 + Φ2 + Φ3 + Φ4 + Φ5 + Φ6 + 2(Θ1 + Θ2 + Θ3) + 3(R1 + R2 + R3)
R2: Φ1 + Φ2 + Φ3 + Φ4 + Φ5 + Φ6 - Θ1 - Θ2 - Θ3

R3: τ1 + τ2 + τ3 + τ4 + τ5 + τ6
R4: 2(Φ1 + Φ2) - Φ3 - Φ4 - Φ5 - Φ6 + 2R1 - R2 - R3

R5: Φ3 + Φ4 - Φ5 - Φ6 + R2 - R3

R6: (d1 + d2) - 0.058983(d3 + d6) - 0.941017(d4 + d5) + 0.241607[-2(Φ1 + Φ2) + Φ3 + Φ4 + Φ5 + Φ6 + 2(2R1 - R2 - R3)] -
0.770254(2Θ3 - Θ1 - Θ2)

R7: 0.454418(d1 - d2) - (d3 - d6) - 0.545582(d4 - d5) + 0.373424[Φ3 + Φ4 - Φ5 - Φ6 - 2(R2 - R3)] - 1.190491(Θ1 - Θ2)
R8: -0.454418(τ1 - τ6) - (τ2 - τ5) - 0.545582(τ3 - τ4)
R9: (τ1 + τ6) - 0.058983(τ2 + τ5) - 0.941017(τ3 + τ4)
aNot normalized. Coefficients are related to therS structure.

TABLE 11: Force Constants [mdyn, normalized with
r ) 1 Å]a

Symmetry Species a1′ Symmetry Species e′
F1,1: 5.1014 (150) F6,6: 5.2191 (251)
F3,3: 9.6949 (1030) F7,7: 7.1216 (459)
F2,2: 0.9925 (118) F8,8: 0.6382 (33)
F1,3: 0.2417 fix F10,10: 1.1282 (79)
F1,2: 0.1039 fix F9,9: 4.9518 (499)
F2,3: 0.4140 fix F6,7: 0.2555 (3303)
Symmetry Species a2′ F6,8: 0.0958 (936)
F5,5: 2.7039 (4545) F7,8: -0.3058 (237)
F4,4: 0.5899 (757) F6,10: -0.1644 (721)
F4,5: 0.3117 fix F7,10: 0.5124 fix
Symmetry Species a2′′ F8,10: -0.0359 (126)
F11,11: 0.1467 (1) F6,9: -0.6173 (1262)
F12,12: 0.5993 (7) F7,9: -0.5590 (1064)
F11,12: -0.0253 (3) F8,9: -0.2272 (145)

F10,9: 0.1032 (276)
Symmetry Species e′′
F14,14: 0.1534 (14)
F13,13: 0.5134 (583)
F13,14: 0.1233 fix

sum of weighted squares of differences, total DWD) 5637.1

a F1,2, F1,3, F2,3, F4,5, F7,10, andF13,14are fixed values from the scaled
ab initio calculation. Errors in parentheses are given in units of the
last significant digit.
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Analysis of GED Data Alone. In our study of the molecular
structure of 1,3,5-triazine in the gas phase we wished to
demonstrate the benefits of including non-GED information in
the structural analysis. For this reason we have undertaken three
refinements using GED data. The first, using GED data alone,
is described here. The results of the second and third refine-
ments, incorporating first rotation constants and then dipolar
couplings, are given below.
The results from the GED data-only refinement are shown

in column 4 of Table 5. TheRG factor of 6.0% indicates that
the data are of good quality. The C-N distance refined to a
value of 133.94(10) pm and the CNC angle to 113.9(2)°. The
standard deviations recorded are extremely small, which is
expected, since the ring can be fully described in terms of any
two of the four independent ring distances. It is clear from the
radial distribution curve obtained in the final refinement (see
Figure 2) that correlation effects between the individual distances
are low. Thus, with all four ring distances well defined, the
two parameters defining the ring should also be very well
defined. In contrast the C-H distance is less well defined,
because hydrogen atoms contribute relatively little to the total
scattering.

In addition to the three geometric parameters refining, four
of the nine amplitudes of vibration were also refined successfully
at this stage. These correspond to the four most prominent
features on the radial distribution curve, namelyu1(N-C),
u3(N‚‚‚N), u5(C‚‚‚C), and u6(N‚‚‚C). The five remaining
amplitudes of vibration which could not be refined all involved
hydrogen atoms. These vibrational amplitudes were therefore
fixed at values obtained from the scaled 6-31G*/MP2 harmonic
force field.
Combined Analysis of GED Data and Rotation Constants.

Rotation constants measured from high-resolution FTIR spectra
in the gas phase were available for each of five different
isotopomers of 1,3,5-triazine. The vibrational corrections
necessary to convert the rotation constants fromB0 to BZ
structural type (which is equivalent to therR° structural type
derived in the GED refinement) were obtained from the
experimental harmonic force field. These agreed to within about
10% with those obtained from the scaled ab initio 6-31G*/MP2
force field. The experimental rotation constants, both sets of
vibrational corrections, and calculated rotation constants (based
on the final structure reported in the next section) are given in
Table 4. Note that the uncertainties used to weight the data
combine the experimental standard deviations with a conserva-

TABLE 12: Frequencies of Fundamentals [cm-1] Calculated from the Experimental Force Fielda

12C3
14N3H3

12C3
15N3H3

13C3
14N3H3

13C3
15N3H3

12C3
14N3D3

calc obs- calc calc obs- calc calc obs- calc calc obs- calc calc obs- calc

ν1 3052.10 -0.00 3052.10 3041.63 3041.63 2266.90
ν2 1130.13 7.97 1126.30 11.70 1095.86 4.14 1089.74 8.26 1084.69-1.69
ν3 991.50 -1.80 961.23 -4.13 985.65 2.45 957.67 -0.57 983.86 1.14
ν4 1375.02 -0.02 1372.94 1371.75 1369.46 1032.18
ν5 1001.02 -1.02 985.96 979.28 964.17 993.49
ν6 3063.14 -0.23 3063.08 -6.38 3055.25 -5.15 3055.17 -6.37 2245.80 30.70
ν7 1556.41 -0.07 1541.94 -0.27 1525.01 -1.06 1511.01 -1.41 1525.44 5.36
ν8 1410.06 -0.10 1390.68 0.12 1403.10 1.60 1383.26 1.14 1284.66 0.06
ν9 1172.79 -0.15 1164.30 1.15 1151.99 0.92 1142.20 3.40 929.26 0.32
ν10 675.74 0.04 662.23 0.33 664.83 1.87 652.15 1.65 663.87 0.11
ν11 927.38 -0.79 922.97 -0.93 914.07 -0.52 909.10 0.33 859.81 0.83
ν12 737.76 -1.02 729.32 -0.82 732.27 -0.78 723.14 -0.58 573.27 1.35
ν13 1037.58 -5.58 1037.05 -4.05 1024.32 -1.32 1023.80 -2.80 855.59 6.41
ν14 339.50 0.00 334.05 0.06 335.62 1.38 330.06 0.94 306.73 2.27

aC3N3H3, C3N3D3: master. C315N3H3, 13C3N3H3, 13C3
15N3H: nonmaster.

TABLE 13: Coriolis Coupling Constants (Dimensionless) and Centrifugal Distortion Constants [10-8 cm-1] Calculated from the
Experimental Force Field

C3N3H3 C3
15N3H3

13C3N3H3
13C3

15N3H3 C3N3D3

calc obs- calc calc obs- calc calc obs- calc calc obs- calc calc obs- calc

úz6 -0.0536 0.0446 -0.0536 -0.0540 -0.0540 -0.0484
úz7 0.5563 -0.0891 0.4960 -0.1006 0.5476 0.4755 0.6606
úz8 -0.0855 0.0099 0.0212 -0.0005 -0.0563 0.0602 -0.7516 0.1729
úz9 -0.7321 0.0014 -0.7751 0.0081 -0.7489 0.0054 -0.7919 -0.2582 -0.0806
úz10 -0.6851 0.2551 -0.6884 0.1408 -0.6884 -0.6898 -0.6023 0.0671
úz14 0.0000 0.0002 0.0000 0.0002 0.0000 0.0000 0.0000
DJ 5.3173 0.0026 5.0151 0.0001 5.0045 0.0145 4.6952 0.0179 3.9774-0.0100
DJK -9.0006 0.1446 -8.4348 0.1518 -8.4782 0.1515 -7.9515 0.1337 -6.7046 0.1646

TABLE 14: rms Amplitudes of Vibration [pm] Calculated
from the Experimental Force Field

12C3
14N3H3

atoms calc diff

12C3
15N3H3

calc

13C3
14N3H3

calc

13C3
15N3H3

calc

12C3
14N3D3

calc

C1C3 5.2 -0.5 5.2 5.2 5.2 5.2
N1C1 4.6 -0.1 4.6 4.6 4.5 4.6
C1N3 5.8 0.3 5.7 5.7 5.7 5.8
C1H1 7.7 -0.7 7.7 7.7 7.7 6.6
C1H3 9.2 -1.2 9.2 9.2 9.2 8.1
N1N2 5.2 -0.2 5.2 5.2 5.2 5.2
N1H1 9.2 0.1 9.1 9.2 9.1 8.2
N1H3 9.6 -0.2 9.5 9.6 9.5 8.3
H1H3 12.5 0.2 12.5 12.5 12.5 10.7

Figure 2. Observed and final difference radial-distribution curves for
1,3,5-triazine. Before Fourier inversion the data were multiplied bys
exp(-0.00002s2)/(ZC - fC)(ZN - fN).
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tive estimate of 10% error in the vibrational corrections to allow
for anharmonic effects.
It is important to allow for the change in the C-H distance

on deuteriation, so with the introduction of the rotation constants
for the two deuterated isotopic species a fourth parameter, the
difference betweenr(C-H) andr(C-D), was incorporated into
the model defining the structure. This parameter was assigned
a restraint of 0.20(10) pm to aid refinement in accordance with
the SARACEN method,5 with the value and uncertainty adopted
from spectroscopic measurements.48 With the restraint this
parameter refined to 0.21(9) pm, indicating that the information
contained within the rotation constants is concordant with values
observed by spectroscopy. Calculated rotation constants were
found to be in excellent agreement with the vibrationally
corrected experimental values.
The results from this combined refinement are given in

column 5 of Table 5. The addition of the five rotation constants
was found to have no significant effect on the overall geometry,
but the precision of all three geometric parameters was greatly
improved, with the C-N distance determined to within 0.01
pm, r(C-H) to within 0.2 pm, and∠CNC to within 0.08°. Both
r(C-N) and r(C-H) were found to shorten slightly with the
inclusion of the extra data. In addition, four extra amplitudes
of vibration could now be refined, namelyu2(C-H), u4(N1‚‚‚H1),
u7(C1‚‚‚H2), andu9(N1‚‚‚H3). The one vibrational parameter
which remained unable to refine, amplitudeu8(H1‚‚‚H2), cor-
responds to a feature whose intensity is just 0.4% of that of the
most intense peak in the radial distribution curve and is therefore
of very small weighting in the overall structural determination.
TheRG factor rose slightly in the combined refinement to 6.6%.
Combined Analysis of GED Data, Rotation Constants, and

Dipolar Couplings. To obtain the best possible structure in
light of all available experimental information, the five dipolar
couplings of Marchal et al.6 were also included in the refinement.
The five new pieces of structure-related information resulted

in only minor improvements in the quality of the final structure,
the main effect being a slight improvement in the precision of
four refining amplitudes of vibration, namelyu2(C-H),
u4(N1‚‚‚H1), u7(C1‚‚‚H2), and u9(N1‚‚‚H3). This result was
expected since the dipolar coupling constants mostly contain
information relating to the hydrogen atom positions. The
orientation parameterSzz(p5) was also now able to refine freely
without the aid of a restraint. The experimental dipolar coupling
values, vibrational corrections (both experimental and theoreti-
cal), and the calculated values based on the final structure
obtained are reported in Table 4. The quoted uncertainties are
a combination of experimental standard deviations with esti-
mated 10% errors in the vibrational corrections to allow for
anharmonic effects. From Table 4 it can be seen that all
calculated dipolar couplings are in good agreement with the
vibrationally corrected values; the poorest agreement is for
D(N3,H1), which differs by just over 1.5 estimated standard
deviations.
The results from this final combined analysis refinement are

given in column 6 of Table 5; the finalRG factor was 6.7%.
With all geometric parameters and all significant amplitudes

of vibration refining the final standard deviations returned in
the combined analysis refinement were found to be extremely
small. The C-N distance refined to a final value of 133.68
pm, with a standard deviation of just 0.01 pm, the ring angle to
113.82(8)°, and the C-H distance to 108.9(2) pm. This
exceptionally high precision reflects the high symmetry of the
molecule, the consequent very high ratio of observations to
refinable parameters, and the complementary nature of GED,
high-resolution FTIR, and LCNMR spectrocopic data.
The experimental structures of free, and therefore undistorted,

molecules in gas/solution phases should be directly comparable
to those calculated ab initio, but there are small differences
between the static equilibrium structure (re) for one discrete
molecule, given by ab initio calculations, and the vibrationally
averaged experimentalrR° structure of the undistorted molecule.
For 1,3,5-triazine ab initio calculations with the largest basis
set, 6-311G(2df,2pd) yield a distance of 133.38 pm for C-N
and a CNC ring angle of 114.03°, compared to the experimental
values of 133.68(1) pm and 113.82(9)°, while the C-H bond
distances were found to be 108.21 pm ab initio, 108.9(2) pm
by experiment (Table 15).
The discrepancy between the theoretical (re) and experimental

(rR°) r(C-N) is significant enough to warrant further analysis.
Treating the symmetric C-N stretching mode as a Morse
oscillator, the difference between these distances is given by

wherea is the anharmonic constant andu(0) is the amplitude
of vibration for a C-N atom pair at 0 K. These constants were
determined by ab initio calculations at the 6-31G*/MP2 level
and from the resulting force field asu(0) ) 4.4(3) pm anda )
0.027(5) pm-1, with conservative estimates of their uncertainties.
The correction to the distance is thus 0.80(19) pm, givingre(C-
N) ) 132.88(19) pm. The agreement with our best calculated
estimate of 133.82 pm for this distance is well outside the
experimental error limits. Forr(C-H) a similar calculation
usingu(0) ) 6.6(4) pm anda ) 0.019(4) pm-1 givesre(C-H)
) 107.65(32) pm, compared with the best calculated value of
108.39 pm. These discrepancies remain unexplained, although
we note that even at the highest levels of theory and with the
largest basis sets, changes on the order of 0.5 pm in both
distances were still occurring.
The full list of bond distances, along with the final vibrational

amplitude values, is given in Table 16 and the covariance matrix
in Table 17. The two molecular scattering and difference
curves, for the long and short camera distance plates, are shown
in Figure 3 and the final radial distribution and difference curves
in Figure 2.
Comparison of Molecular Structures Obtained in the Gas

and Solid Phases.Three independent crystal structure deter-
minations of 1,3,5-triazine at 297-299 K have previously been
reported by Coppins8 using X-ray (both copper and molybdenum
radiation sources) and neutron diffraction studies. The crystal
parameters, reported in Table 18, were not found to deviate from
D3h molecular symmetry. Individual C-N bond distances

TABLE 15: Comparison of Structural Parameters for 1,3,5-Triazine (r/pm, ∠ /deg) in the Three Phases and Calculated
ab Initio

combined analysisa

(gas phase)
LCNMRa

(solution phase)
neutron diffractionb

(solid phase) 25°C
ab initioc

[6-311G(2df,p)/MP2)]

p1 r(C-N) 133.68(1)d 133.4(7) 133.6 133.38
p2 r(C-H) 108.94(19)e 108.9(2) 105.9 108.21
p3 ∠CNC 113.79(8) 114.2(11) 114.7 114.03

a rR°. bCorrected for librational effects.c re. d re ) 132.88(19) pm.e re ) 107.65(32) pm.

rR° - re ) (3/2)au(0)2 (6)
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varied from 131.5 to 131.7 pm, about 2 pm shorter than that
found in the gas phase, and the CNC ring angle from 113.4(1)°
by X-ray diffraction to 114.8° by neutron diffraction, compared
to the gas-phase angle of 113.82(9)°. The apparent ring
contraction in the solid phase can be readily attributed to two
factors. First, there exists a difference in bond length definition
between gas-phase methods and X-ray diffraction, with the
former measuring internuclear distances and the latter the
differences between centers of electron density. Second,
vibrational averaging effects are different, both because of the
different techniques and because the experiments were per-
formed at different temperatures. Since neutron diffraction, like
GED, measures internuclear distances, correcting this structure
for librational effects should result in a structure that is directly
comparable to that observed in the gas phase, provided there
are no strong intermolecular interactions in the solid phase
giving rise to molecular distortion.
The structure obtained by neutron diffraction after correcting

for librational effects is also given in Table 18 for comparison.

From this it can be seen that the C-N distance lengthens by
about 2 pm to 133.6 pm, compared to the gas-phase distance
(rR°) of 133.68(1) pm, while the∠CNC ring angle remains
largely unaffected by the process. In effect, the ring contraction
effect observed in the solid phase has been removed by the
librational correction, with both the carbon and nitrogen atoms
moving out from the center of the ring by about 2 pm. The
difference in internal ring angle of about 1° may be due to
molecular packing effects.

Conclusions

The molecular structure of 1,3,5-triazine has been determined
independently by ab initio calculations, gas-phase electron
diffraction, vibration/rotation spectroscopy, and liquid crystal
NMR spectroscopy data. All four methods yield structures that
agree with one another to within one standard deviation. Thus
the inclusion of solution-phase data derived from LCNMR
spectroscopy into the combined structural analysis is validated.
A reliable force field derived from experimental data has been

obtained for the first time, and this is in excellent agreement
with the force field obtained by ab initio calculations. The force
field gave vibrational corrections, used in a combined analysis,
in which the GED data were progressively supplemented with
five rotation constants and five LCNMR dipolar couplings. The
complementary nature of information provided by the different
techniques enables the combined analysis to give a structure of
greatly improved precision. Agreement between experiment and
theory is less good than expected, and calculations well beyond
present resources may be needed.
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TABLE 16: Interatomic Distances [rr/pm] and Amplitudes
of Vibration [ u/pm] for the Combined GED/Rotation
Constants/LCNMR Study of 1,3,5-Triazine

i atoms distance amplitude

1 N1-C1 133.7(1) 5.1(2)
2 C1-H1 110.2(2) 5.3(11)
3 N1‚‚‚N2 238.4(1) 6.2(4)
4 N1‚‚‚H1 207.3(1) 12.4(12)
5 C1‚‚‚C2 224.0(1) 6.1(5)
6 N1‚‚‚C2 266.9(1) 6.5(4)
7 C1‚‚‚H2 323.0(2) 13.1(16)
8 H1‚‚‚H2 413.0(3) 12.6(f)a

9 N1‚‚‚H3 375.9(2) 12.0(29)

a f ) fixed at the value derived from the experimental force field.

Figure 3. Observed and final difference combined molecular scattering
curves for 1,3,5-triazine. Theoretical data are shown for the regionss
) 0-20 and 356-360 nm-1, for which no experimental data are
available.

TABLE 17: Least-Squares Correlation Matrix (×100) for the Combined GED/Rotation Constants/LCNMR Study of
1,3,5-Triazinea

p2 p3 p4 p5 u1 u2 u3 u4 u5 u6 u7 u9 k1 k2

-93 -15 -93 62 4 -4 -4 -3 -12 0 -1 3 17 5 p1
-17 93 -62 -4 3 -3 5 2 0 2 -2 -16 -3 p2

6 -1 -2 0 26 -6 29 -2 -1 0 -2 -3 p3
-60 -4 3 2 3 9 0 1 -2 -17 -4 p4

2 -2 0 -2 -5 0 -1 1 11 2 p5
3 17 9 17 16 -1 4 49 69 u1

-1 -2 0 -2 1 0 -10 -9 u2
52 64 14 2 -2 23 23 u3

42 -4 5 0 10 13 u4
5 1 -2 22 21 u5

-16 3 10 24 u6
-12 1 -2 u7

3 6 u9
40 k1

a The most significant values are shown inbold. k is a scale factor.
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TABLE 18: Structural Parameters Obtained for
1,3,5-Triazine in the Solid Phasea

neutron diffractionX-ray
crystallography

Cu Mo uncorrected
librational
correctionb corrected

r(C-N) 131.5 131.7 131.7 1.9 133.6
r(C-H) 104.5 1.4 105.9
∠CNC 113.4 113.4 114.8 -0.1 114.7

aRef 8. b This work.
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