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In this study, the structure, spectroscopy, and photochemistry of isoniazid (CcH;N30O, INH) were studied by
low-temperature infrared spectroscopy and quantum chemistry calculations. According to DFT(B3LYP)/6-
311++G(d,p) calculations, 12 minima were found on the potential energy surface of the molecule,
corresponding to two cis conformers about the O=C—N—N axis (C1, C2) and one form trans about this axis
(T), all being 4-fold degenerate by symmetry. The C1 conformer was predicted to be more stable than T and
C2, by 20.4 and 22.6 kJ mol !, respectively. In consonance with these results, only C1 could be observed in
low-temperature argon and xenon matrixes as well as in the neat glassy state prepared from the vapor of the
compound at 70 °C. The C1 conformer was also found to be the constituting monomeric unit of the crystalline
phase of INH produced from warming of the low-temperature neat amorphous state. The infrared spectra of
INH in the different phases studied were fully assigned. After UV (1 > 235 nm) irradiation of the matrix-
isolated isoniazid, the compound was found to undergo photolysis through two different pathways: a Norris
type I a-cleavage leading to production of isonicotinaldehyde and N,H, and a concerted sigmatropic reaction
with production of pyridine, CO and N,H,. The latter reaction was found to be nearly two times faster than
the former in both argon and xenon matrixes. In addition, both reactions were found to be disfavored in a
xenon matrix, which is in consonance with the involvement of (n, 7%) excited states in both photochemical

processes.

Introduction

Isoniazid (or isonicotinic acid hydrazide, INH; see Scheme
1) has a high activity against Mycobacterium tuberculosis (the
microorganism responsible for the tuberculosis disease) and is
still the most widely used drug in antituberculous regimens.'?
In particular, it has been receiving extensive use in the
prevention of tuberculosis among both HIV-infected adults and
children.>* Interestingly, INH was synthesized for the first time
by Meyer and Mally in 1912, but its antituberculotic activity
was recognized only in 1951.°

Because of its pharmacological relevance, several analytical
methods have been reported for the determination of INH either
in pure and dosage forms or in biological fluids. Among these
analytical methods, one can mention titration,””!'! fluorometry,'?
spectrophotometry,'3~2 atomic absorption spectrometry,**
chemiluminescence,?* polarography,?” high-performance liquid
chromatography,?®~3* and capillary electrophoresis.?

The room temperature FTIR and Raman spectra of neat
crystalline INH were reported first by Gunasekaran et al.,’
which assumed the INH molecule to have C; symmetry. Such
an assumption is, however, in contradiction with X-ray data,*’
which doubtlessly proved the molecules in the crystal do not
have a planar skeleton. Indeed, in the crystal, the INH molecules
have the O=CNN fragment in the cis configuration
(01,=C; ;N3N 4 dihedral equal to 4.9°) and deviated from the
plane of the aromatic ring by 19.2°, wehreas the amino group
has one of the hydrogen atoms practically perpendicular to the
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SCHEME 1: Schematic Representation of the Molecule
of INH with Adopted Atom Numbering
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O=CNN moiety (92.1°) and the second one making an angle
of —30.1° with this fragment.’’

The molecular structures of INH and of its dimers have also
been investigated theoretically.*®~** With a single exception,*®
all previously reported theoretical studies assumed INH to adopt
the trans conformation of the O=CNN fragment, once again in
disagreement with the data obtained from X-ray diffraction.’”

Regarding its reactivity, INH is known to undergo easy
thermal decomposition to isonicotinic acid, isonicotinamide or
N,N’-bis(isonicotinic acid)hydrazide in the presence of metal
ions,*! hemein,*> or peroxidase* or in alkaline solution.** The
hydrozinolysis and deamination reactions of INH were studied
by Kang and co-workers,* whereas Bhutani et al.* reported
different INH degradation reactions induced by thermal stress,
hydrolysis, oxidation, and photolysis. Nicorniya and Yama-
moto*’ and Chiang and Lin*® showed that irradiation of INH in
alcoholic solutions with UV light (4 > 235 nm) produces
different products, including those previously detected upon
thermal decomposition of the compound plus isonicotinaldeyde
isonicotinyl hydrazone and acetaldehyde isonicotinyl hydrazone.
It was also shown that solid INH is not photostable, easily
photodecomposing to isonicotinic acid N'-(pyridine-4-carbonyl)-
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Figure 1. Schematic 3-dimensional map showing the positions of the
12 minima and transition states for conformational isomerizations in
INH. The axes refer to the three conformationally relevant molecular
internal rotation axes defined by the following dihedral angles: (X)
C3—C4—C =01, (Y) Niy—N;3—C; =0y, and (Z) C;;—N;3—Ny—Lp
(where Lp corresponds to the Ny4 lone electron pair considered to be
positioned in the bisector plane defined by the two N—H bonds). The
big spheres represent minima, whereas the small spheres represent
transition states. Different colors relate to different reaction pathways,
which are shown in the form of potential energy profiles in Figure 3.
The represented planes parallel to the XY plane intersecting the Z axis
at 0° and 180° are shown for better perception of the position of the
minima and transition states in the 3D plot. For clarity, the figure also
shows the projections of the various reaction paths in the XY and XZ
planes. In the XY projection, the minima are represented by losangles,
whereas in the XZ projection, they are represented by triangles; in both
projections, transition states are represented by dots.

hydrazide as the final product, by SRN; type radical-mediated
chain reaction.*®

Considering the worldwide uses of INH and the interest to
further understand the details of its molecular structure and
reactivity, in the present study, we performed a detailed
investigation of the potential energy surface of both the
monomer and dimer of INH using density functional theory
(DFT/B3LYP) and ab initio (Moller—Plesset to second order:
MP2) levels of theory. The theoretical results were then used
to help interpret the IR spectra of the compound obtained under
various experimental conditions: amorphous and crystalline neat
solid phases, within the 10—280 K temperature range and
matrix-isolated INH monomer (in argon and xenon matrixes,
at 10 K). The unimolecular photodecomposition of INH was
evaluated using broadband UV irradiation (4> 235 nm) of the
matrix-isolated INH monomer.

Experimental and Computational Methods

INH was obtained from Aldrich (purity 99%). The low-
temperature matrixes were prepared by codeposition of the
isolating gas (argon N60 and xenon N45, both obtained from
Air Liquide) and INH sublimate, in an ~1000:1 concentration
ratio, onto the cooled Csl substrate of the cryostat (APD
Cryogenics close-cycle helium refrigeration system with a DE-
202A expander). The compound was placed in a specially
designed temperature-variable mini oven assembled inside the
cryostat. In all experiments, the temperature of the mini oven
used to evaporate INH was ~70 °C. The solid film of the neat
compound was prepared in a way similar to that used to obtain
the matrixes, but in this case, only vapors of the compound
were deposited onto the Csl substrate of the cryostat.

In the annealing experiments, the temperature was controlled
and measured by a diode sensor connected to a Scientific
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Figure 2. Optimized geometries of INH conformers at the DFT(B3LYP)/
6-311++G(d,p) level of theory. Values in parentheses correspond to
the C3_C4_C1 1=O]2, N]4_N]3_C] 1=012, C11_N13_N14_Lp dihedral
angles (in degrees), where Lp corresponds to the N4 lone electron pair
considered to be positioned in the bisector plane defined by the two
N—H bonds.

TABLE 1: Total (E) and Relative (AE) Energies (Including
Zero-Point Vibrational Contributions) for Isoniazid
Conformers®

B3LYP/6-311++G(d.p) MP2/6-31G(d,p)b

conformer E AE E AE
Cl —1240055.0 0.0 —1236202.8 0.0
T —1240034.6 20.4 —1236 183.1 19.8
Cc2 —1240032.3 22.7 —1236178.1 24.8

“Energies in kJ mol™!; conformers are depicted in Figure 1.
> MP2 energies were corrected by zero-point energies obtained at
the BALYP/6-311++G(d,p) level of theory.

Instruments digital temperature controller (model 9659) to within
41 K. The temperature variation during the annealing was done
in steps of 2 K in the matrix isolation experiments and 10—20
K in the studies of the neat, solid compound.

The IR spectra were collected with 0.5 cm™' spectral

resolution on a Nicolet 6700 Fourier transform infrared spec-
trometer equipped with a deuterated triglycine sulfate detector
and a Ge/KBr beamsplitter. To accommodate the cryostat head
and allow efficient purging of the instrument by a stream of
dry N, to remove water and CO, vapors, necessary modifications
of the sample compartment of the spectrometer were made.
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Figure 3. DFT(B3LYP)/6-311++G(d,p) calculated potential energy profiles for conformational isomerization reactions in INH. (A) C1” < C1” < C1””
< CL;B)C2 <= C2'<=C2"<C;, O T <T' < T”<T,(D) T” < C2” < C2<T, (E) Cl < C2” < C2 < C1”. See also Figure 1.
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Figure 4. Infrared spectra (4000—2800 and 1800—600 cm™' regions)
of INH trapped in argon and xenon matrixes obtained immediately after
deposition at 10 and 20 K, respectively, and DFT(B3LYP)/6-
311++G(d,p) calculated spectra for conformer C1. The calculated
wavenumbers were scaled down by a single factor (0.978).

In situ UV (4 > 235 nm; 200 W) irradiation of the matrixes
was carried out through the outer KBr window of the cryostat,
using a 500 W Hg(Xe) lamp (Newport, Oriel Instruments).

The quantum chemical calculations were performed with the
Gaussian 98 suite of programs*® at the DFT and MP2 levels of
theory, using the 6-311++G(d,p) and 6-31G(d,p) basis sets,
respectively.’® The DFT calculations were carried out with the
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three-parameter hybrid density functional abbreviated as B3LYP,
which includes Becke’s gradient exchange correction®' and the
Lee, Yang, and Parr’? and Vosko, Wilk, and Nusair correlation
functionals.>® Structures were optimized using the geometry
direct inversion of the invariant subspace (GDIIS) method,>*
the nature of the obtained stationary points being checked by
inspection of the corresponding Hessian matrix.

The DFT(B3LYP)/6-311++G(d,p) calculated vibrational
wavenumbers were scaled down by a single factor (0.978) to
correct them mainly for anharmonicity effects and were used
to assist the analysis of the experimental spectra. Normal
coordinate analyses were undertaken in the internal coordinates
space as described by Schachtschneider®® using the program
BALGA and the optimized geometries and harmonic force
constants resulting from the DFT calculations. Potential energy
profiles for internal rotation were calculated performing a relaxed
scan on the DFT(B3LYP)/6-311++G(d,p) PES along the
relevant coordinates, and the transition state structures for
conformational interconversion obtained using the synchronous
transit-guided quasi-Newton (STQN) method.’®

Results and Discussion

Geometries and Energies. INH has three internal degrees
of freedom that can give rise to different conformers, which
can be defined by rotations around the C;—C,;, C;;—Nj3, and
Ni3—Ni4 bonds. After a full conformational search on both
the DFT(B3LYP)/6-311++G(d,p) and MP2/6-31G(d,p) po-
tential energy surfaces of the molecule, three different
conformational states were found, all of them being 4-fold

TABLE 2: Observed Wavenumbers for the Matrix Isolated INH Monomer with Band Assignments*

approximate description  calculated wavenumber

calculated intensity

observed wavenumber
xenon matrix (20 K)

observed wavenumber
argon matrix (10 K)

v(N-H) 3540.3 42.5
v(NH,)as 3451.1 8.7
v(NH2)s 3385.7 2.0
v(C-H)4 3134.1 2.4
v(C-H)3 3115.0 7.2
v(C-H)2 3088.6 12.8
v(C-H)1 3083.0 19.7
v(C=0) 1697.0 198.3
S8(NH.) 1669.4 71.8
vring 5 1596.3 11.5
v ring 2 1561.5 324
8(C-H)4 1490.6 37.8
S(N-H) 1466.3 1532
8(C-H)3 1405.6 12.3
8(C-H)1 1321.7 1.5
w(NH2) 1320.3 1.7
v(C-N) 1275.6 126.2
vring 4 1248.3 8.6
8(C-H)2 1216.3 1.9
v(N-N) 1184.0 3.5
v ring 6 1091.6 1.7
v ring 3 1078.6 0.8
dring 1 1064.7 6.0
v ring 1 988.8 2.7
y(C-H)2 983.3 0.8
¥(C-H)3 962.2 1.8
yY(NH2) 9334 88.7
y(C-H)4 875.3 2.4
8(C=0) 872.2 9.5
y(C-H)1 836.7 27.4
¥(C=0) 754.7 14.1
Tring 1 708.2 17.7
dring 3 675.9 17.2

3495.5/3489.9/ 3481.1/3468.9/3460.8  3462.4/3455.8 / 3449.3

3382.8 3332.1
3348.2 3263.6
3089.2 3178.2
3065.0 3063.1
3040.7 3035.9
2990.4 2985.0
1701.7/ 1699.0 1695.1
1635.2 1628.2
1599.6 1597.8
1561.1 1556.6
1502.3/1499.7 1500.5/1497.2
1473.8 1470.2
1406.4 1404.7

} 1324.6 } 1322.2

1293.4 1291.7

1225.0 1273.0

1219.8 1224.5/1218.5
1184.7 1182.6

1096.7 1095.9

1089.9 1087.0

1066.4 1066.0 / 1063.4
993.8 992.0

991.7 982.0

961.3 959.9

937.2 933.0

875.6 871.6

874.2 870.7

838.4 841.3/837.1
757.7/755.3/754.3/750.7 757.0/754.8/750.4
709.5/705.5 708.3/704.3
678.7/677.4 678.4/677.3

@B3LYP/6-311++G(d,p) calculated wavenumbers and intensities for conformer C1 are also given. » Wavenumbers (scaled by 0.978) in
cm™!, calculated intensities in km mol~'. v, bond stretching; o, bending; y, rocking; 7, torsion; w, wagging; tw, twisting; s, symmetric; as,
antisymmetric.
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Figure 5. Proposed reaction pathways resulting from irradiation of
INH monomer isolated in rare gas matrixes through the outer KBr
window of the cryostat (4 > 235 nm).

degenerate by symmetry and belonging to the C; symmetry
point group. Figure 1 shows the position of the 12 minima
in a simple 3-dimensional map whose axes refer to the three
conformationally relevant molecular internal rotation axes.
The structures of the C1, C2 and T conformers are shown in
Figure 2. Table 1 presents their calculated relative energies,
including zero-point energy corrections. The optimized
geometrical parameters for the conformers are provided as
electronic Supporting Information (SI), Table S1.

In consonance with the X-ray results,?’ the present theoretical
calculations predict conformer C1 as being the conformational
ground state. This conformer is defined by O,=C;;—N;3—Nj4,
C3—C4—N; =0y, C;;—N;3—Nyy—H;7; and C;;—N;3—N4—Hjs
dihedral angles equal to 6.0, 153.8, —82.2, and 32.6°, respec-
tively (DFT values; for MP2 values see Table S1). Among the
three conformers, this form corresponds to the most planar
species and is stabilized by the presence of an intramolecular
hydrogen bond (N;;—Hjg***O1,). The Hg*+ O, distance was
predicted to be 245.9 pm, which is considerably shorter than
those found, for instance, in simple amino acids such as glycine
(284.1 pm?7), alanine (268.7 pm>®), and sarcosine (270.1 pm*°).
This conformer is also stabilized by a weaker C3—Hg***Nj3
interaction, the Hg***Ny3 distance being 269.2 pm.

The second most stable conformer (T; see Figure 2) is
characterized by 012=C11_N|3_N]4, C3_C4_N|1=O]2, Cll_
N13_N]4_H17, and C11_I\I]3_1\114_H1(7 dihedral angles of 1631,
143.2, —102.1, and 136.7°, respectively, and is higher in energy
than C1 by 20.4 kJ mol~! [19.8 kJ mol ™! at the MP2/6-31G(d,p)
level]. In this conformer, only a weak C;—Hg*+*N}4 hydrogen
bond type interaction exists, the Hg*** N4 distance being 258.9
pm. In the highest energy conformer (C2; see Figure 2), the
01,=C;;—N;3—Ny, C3—C4—C =05, C;;—N;3—Ny—Hy,
and C;;—N;3—Ny4,—Hj¢ dihedral angles are 0.7, 149.0, —130.8,
and 105.7°, respectively. This conformer is higher in energy
than form C1 by 22.7 kJ mol~! [24.8 kJ mol™! at the MP2/6-
31G(d,p) level] and, like conformer T, is stabilized only by a
weak C;—Hge+*N; interaction, the Hg***N,; distance being
271.2 pm. Because it could be expected in view of the different
main stabilizing intramolecular interactions that distinguish the
various conformers, the energies of the two less stable forms
are similar and considerably higher than that of the most stable
conformer.

Figure 3 depicts the B3LYP/6-11++G(d,p) potential energy
profiles corresponding to the interconversion pathways relating
the three different conformers of INH and also those between
the symmetry-equivalent forms. In the case of the latter (Figure
3a—c), the driving coordinate is the torsion about C4,—C;;. In
the calculations, the C;—C,—C;=0, dihedral angle was fixed

Borba et al.

TABLE 3: Assignment of the Bands of the Photoproducts
Resulting from UV (4> 235 nm) Irradiation of INH in an
Argon Matrix*

calcd obs

INH
photolyzed
Ar matrix

approximate sole isolated

description ~ wavenumbers intensity  species (this study)
pyridine 60, 61
vring 1 1587 24 1583 1593
v ring 2 1582 10 1580 1589
O(CH) 1 1477 2 1484 1470
O(CH) 2 1437 27 1441 1440
O(CH) 3 1214 5 1219 n.o.
O(CH) 4 1144 2 1148 1138
v (C—N) asym 1069 5 1073 1067
O ring 1023 6 1032 1032
Tring 1 988 5 992 992
Tring 2 741 12 744 744
y(CH) 699 67 701 701
v (C—N) sym 603 4 602 n.o.
carbon monoxide 62
v (CO) 2163 89 2139 2139
diimide 63, 64
v (NH) 3196 29 3131 3320/3302
O(NH) 1321 72 1322 1322
y(NH) 1317 88 1286 1266
isonicotinaldehyde 65
v (C=0) 1740 250 1725 1725
vring 1 1593 <1 1595 1602
vring 2 1567 24 1570 1572
vring 3 1484 3 1506 n.o.
vring 4 1412 20 1414 1415
0(CHO) 1382 8 1387 1387
O(CH) 1 1317 16 1322 1322
vring 1 1251 12 1226 1230/1226
O(CH) 2 1215 21 1216 1217
vring 2 1184 60 1200 1200
O(CH) 3 1079 <1 1191 1191
O(CH) 4 1059 6 1085 1088
y(CHO) 1007 2 1062 1061/1056/1046
y(CH) 1 987 3 1004 1005
dring 1 986 <1 n.o. 978
y(CH) 2 961 <1 991 989
y(CH) 3 876 <1 n.o. 885
v (CC) 826 17 835 835
y(CH) 4 802 42 801 802
T ring 725 1 739 727
O ring 2 665 1 669 667
O ring 3 644 38 647 647

@ Wavenumbers in cm™!, calculated intensities in km mol™'. v,

bond stretching; o, bending; vy, rocking; 7, torsion; n.o., not
observed; calcd, calculated; obs, observed. Calculated data were
obtained at the B3LYP/6-311++G(d,p) and scaled by 0.978.

at values differing by 15°, and all the other structural parameters
were free to adjust to their optimal values. The minima and
transition state structures were fully optimized independently
as described in the Experimental and Computational Methods
section. The profiles associated with the three families of
conformers (C1, C2, and T families) are similar, with two pairs
of minima being separated by energy barriers lower than 3 kJ
mol~!, which in turn are separated from each other by higher
barriers (~6—11 kJ mol™"). The first barriers are associated with
transition states in which all heavy atoms are in the same plane
and the weak C;—Hg***Nj3/14 interactions can no longer operate.
On the other hand, the planarity of the molecular skeleton in
these transition states favors the gain of importance of the
Cs—Hy*++ O, attractive interaction. This delicate balance of
stabilizing and destabilizing effects results in the observed low
total energy of the transition states. In turn, the higher barriers
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Figure 6. Infrared spectra (2200—1680, 1400—1140, and 1000—640
cm™! regions) of the as-deposited argon matrix of INH and of the UV
(A > 235 nm) irradiated matrix (after 10, 30, and 50 min of irradiation)
and DFT(B3LYP)/6-311++G(d,p) calculated spectra for the photo-
products. The calculated wavenumbers were scaled down by a single
factor (0.978).

separating the two pairs of identical conformers within each
family are associated with transition states in which the
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Figure 7. Plot of the normalized by calculated intensity integrated
absorbances of the vC=O stretching band of isonicotinaldehyde and
CO band vs time of irradiation. As described in the text, these data are
a measure of the extension of the photochemical pathways 1 and 2,
respectively, at a given time of irradiation. The trend curves correspond
to functions of the type y = ai/b [1 — exp(—bt)] (i = 1 for reaction 1
and i = 2 for reaction 2), with parameter b fitted simultaneously to the
two sets of points for each matrix studied. According to the simple
parallel kinetical model used, b is then equal to k; + k,, where k; and
k> are the rate constants for reactions 1 and 2, and the individual values
for k; and k, were obtained from the following equations: k; = ai/c,
where ¢ is a constant proportional to the initial amount of the reactant.
The obtained values for k; and k&, are given in the text.

C(=0)NHNH, fragment is nearly perpendicular to the aromatic
ring. For these geometries, additionally, no compensation occurs
for the loss of the Cz;—Hg***N3,4 interaction and resonance
stabilization involving the two fragments (C(=O)NHNH, and
ring) is minimal.

Conversions between C2 and T type conformers imply
essentially rotation about the C;;—N;; bond. Hence, in the
calculation of the corresponding potential energy profiles (Figure
3d), the C4—C;;—N;3—Ny4 dihedral angle was used as a driving
coordinate. The calculated barrier for the C2 — T conversion
was found to be 51.5 kJ mol~! (54.9 kJ mol! in the inverse
direction). These high energy barriers result from both disruption
of the C3—Hg***N;3 (C2) and C3—Hg***Ny4 (T) and loss of
resonance stabilization within the C(=0O)NHNH, fragment. On
the other hand, in the conversion between C2 and CI type
conformers, the driving coordinate is the C;;—N;3—N;;—Lp
dihedral angle (Figure 3e). The C2 — C1 energy barrier was
found to be 7.5 kJ mol™! (30.4 kJ mol ™! in the inverse direction).
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SCHEME 2: Schematic Representation of the H Bonds
in the Crystal of INHY
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Essentially, this barrrier results from the fact that changes in
the conformation about the N;3—N4 bond drive simultaneous
rotation around the C;;—N;; bond (see Figures 1 and 3e) with
the consequent effects in energy terms, as described above.
Finally, direct conversion between T and C1 may also occur
through concerted internal rotations about the C;;—N;3 and
Ni3—Nj4 axes, the T — C1 calculated energy barrier being 30.6
kJ mol™! (51.0 kJ mol™! in the reverse direction).

In summary, the potential energy surface of INH is character-
ized by three families of conformers: C1, C2, and T. Within
each family, the interconversion energy barriers are small
(smaller than ~11 kJ mol™!). Conversions between conformers
belonging to different families have high energy barriers (higher
than 30 kJ mol™!), except that between C2 and C1, which has
an energy barrier of 7.5 kJ mol ™.
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Figure 8. Infrared spectra of neat condensed phases of INH: glassy
state resulting from the fast deposition of the vapor of the compound
onto the cryostat’s cold substrate at 10 K (bottom) and crystalline state
resulting from annealing of the glassy film to 275 K (mid), room
temperature crystalline phase for the compound in a KBr pellet (top)
and DFT(B3LYP)/6-311++G(d,p) calculated spectrum for the crystal-
lographic relevant dimer I. The calculated wavenumbers were scaled
down by a single factor (0.978).
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Vibrational Spectra. IR Spectra of the As-Deposited
Matrixes. INH has 45 fundamental vibrations, all being infrared-
active. Table S2 (SI) displays the definition of the internal
coordinates of INH used in the normal coordinates analysis
undertaken in this study. The DFT calculated vibrational
wavenumbers and infrared intensities as well as the character-
ization of the normal coordinates in terms of their potential
energy distribution are given in Tables S3, S4, and S5 (SI) for
conformers C1, C2, and T, respectively. From the theoretically
predicted relative energies of the INH conformers, the population
of the most stable form at the temperature of sublimation of
the compound in the matrix isolation experiments (~70 °C)
could be estimated as being slightly larger than 99%, whereas
altogether, those of C2 and T forms account for less than 1%
of the total population (0.04% and 0.08%, respectively). Hence,
in practical terms, only C1 is experimentally relevant.

Figure 4 depicts the spectra of INH trapped in argon and
xenon matrixes, obtained immediately after deposition, together
with the calculated spectrum for conformer C1. Both experi-
mental spectra nicely fit the calculated one, thus making the
assignment of the bands straightforward (Table 2). In agreement
with the theoretical predictions, no bands corresponding to the
higher-energy forms were observed in the experimental spectra.
Also in agreement with the sole presence of one conformer in
the matrixes, annealing of the matrixes did not lead to any
spectral changes except minor intensity variations doubtlessly
ascribable to matrix site conversions.

UV-Induced Photochemistry for the Compounds in Ma-
trixes. In situ irradiation of the matrix-isolated INH monomer
allowed investigation of its unimolecular photochemistry. Upon
broadband UV irradiation (A > 235 nm), the spectrum of the
compound rapidly lost intensity, whereas new bands due to
photoproducts developed. Figure 5 shows, in a schematic way,
the reaction paths corresponding to the observed photoprocesses.
The suggested band assignments for the photoproducts were
based on previously reported experimental data*~® and are
provided in Table 3.

Figure 6 depicts the spectra corresponding to the argon
matrixes after irradiation for different times. Irradiation of the
xenon matrixes gave essentially similar results. Two of the most
intense product bands are observed at ~1725 cm™!, attributed
to the v*C=0 mode of isonicotinaldehyde, and at ~1322 cm™!,
ascribed mainly to the infrared active ONH mode of diimide,
which are the products formed in pathway 1 shown in Figure
5. In addition to these two distinctive bands, the characteristic
band of monomeric CO (found at around 2139 ¢cm™! in argon
and at 2132 cm ™! in xenon) and the most intense band of the
infrared spectrum of pyridine (at ~701 cm™") were also observed
in the spectra of the irradiated matrixes. The fact that the bands
corresponding to both CO and isonicotinaldehyde start growing
from the very beginning of the photolysis testifies the occurrence
of pathway 2 (Figure 5) and discards the possibility of CO being
a secondary product resulting from decarbonylation of the
initially formed isonicotinaldehyde. This is also in consonance
with a previous study on matrix-isolated isonicotinaldehyde and
its isomeric forms, nicotinaldehyde and picolinaldehyde,% which
showed that among the three studied isomeric carboxaldehydes,
only picolinaldehyde decarbonylated upon UV irradiation of the
matrix. In the present study, a relatively broad band at slightly
higher frequency than that corresponding to the well-isolated
CO was also observed, which is assigned to a complex formed
between CO and pyridine. Observation of both free and
associated CO spectral features indicates that CO molecules can
only partially move apart from the pyridine molecule that is
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TABLE 4: Observed Frequencies for the Neat INH Solid in the Glassy State Resulting from Fast Deposition of the Vapor of
the Compound onto the Cryostat’s Cold Substrate at 10 K, in the Crystalline State Resulting from Annealing of the Glassy
Film (7= 275 K), in the Room Temperature Crystalline Phase (in KBr Pellet) and Calculated Spectrum for Dimer 1C, Using

the DFT(B3LYP)/6-311++G(d,p) Level of Theory”

approximate dimer 1C crystal (KBr pellet, glass crystal
description wavenumber  intensity room temperature) (film, 10 K) (film, 275 K)

v(NH)as 34222 253 3300.7 3302.6

v(NH,)s 3362.8 67.4

v(H-N-N)as 3346.4 1001.5 3217.9/3168.3/3108.7/3044.4/ 3277.5/3210.2/3065.2/3030.9 3214.0/3174.8/3109.7/3050.4/

v(C-H) 3135.2 5.9 3009.5/2949.7/2857.4 3012.0/2943.9

v(C-H) 31217 12.0

v(C-H) 3088.3 26.6

V(C-H) 3083.5 408 2667.1 ]’ 2868.5/2857.4 } 2865.4

v(C=0) 1687.9 295.4 1663.1 } 1655.0 1667.9

w(NH2) 1658.5 257.7 1631.0 ’ 1636.5

vring 1596.7 17.0 1599.6 1603.2 1602.0

v ring 1562.2 62.9 1556.8

w(H-N-N) 1514.1 608.5 } 15528 } 1555.0/1533.5 }

v ring 1485.1 37.1 1485.4 1490.2 1493.1

v ring 1406.3 254 1407.1 1409.7 1412.7

S(C-H) 1323.2 5.5

S8(NH,) 1313.9 10.6 1330.7 1337.4 1341.1/1322.7

V(C-N) 1291.4 361.2

v ring 1248.7 20.6 1267.6 / 1246.8 1220.7 1263.4

8(C-H) 1216.5 3.8 1214.6 : 12223

8(C-H) 1181.2 14.2 1187.3 1186.6 1188.8

V(H-N-N)s 1116.6 46.3 11343 } 11087 11435

3(C-H) 1085.3 2.8 1093.5 : 1103.4

dring 1065.9 11.5 1055.9 1065.6 1062.3 /1055.6

v ring 989.6 2.9

y(C-H) 984.6 3.5 992.7 991.1/958.2 1004.2 /996.3

y(NHz) 977.8 152.6

Y(C-H) 960.9 235 961.4 962.6

8(C=0) 893.0 43.8 888.4

¥(C-H) 876.0 4.1 } 882.8 } 891.3 874.2

y(C-H) 840.0 51.0 841.1 845.7 845.3

S ring 769.7 73.9 787.0

5 ring 746.4 82.8 746.6 7519 } 7413

§(C-C-N) 703.0 733 692.4

Tring 674.0 49.0 668.6 680.7

8 ring 665.4 6.6 ]’ 676.37661.3

“The calculated spectrum was scaled down by a single factor (0.978). Frequencies in cm™

I: calculated intensities in km mol~'. v, bond

stretching; 0, bending; y, rocking; 7, torsion; w, wagging; s, symmetric; as, asymmetric.

formed simultaneously upon photolysis of INH. The greater or
smaller facility how the CO and pyridine molecules can move
apart is probably dependent on the characteristics of the matrix
site in which they are formed.

Because two photolysis pathways were found to be accessible,
an attempt was made to estimate their relative importance. In
this regard, the matrix isolation technique is especially valuable
because the reactions are cage-confined, and therefore, no cross-
reactions take place, and one may study at leisure each pathway
without any interference of the photoproducts resulting from
the other one. Two bands were chosen to compare the kinetics
of the two pathways: the vC=O band of isonicotinaldehyde
(formed only in pathway 1) and the band due to CO (produced
only in pathway 2). These two bands were chosen because of
two main factors: they occur in clean spectral regions, and their
intensity is high enough to allow a quantitative analysis.

Figure 7 depicts the change in absorbances of the two selected
bands (normalized by their calculated intensities) along irradia-
tion time. Data corresponding to photolysis experiments carried
out in both argon and xenon matrixes are shown in the figure.
The first conclusion that can be extracted from the analysis of
the figure is that both paths are disfavored in a xenon matrix,
which is a well-known external spin—orbit coupling enhancer
media.®® This result is in consonance with the involvement of

(n, %) excited states in both photochemical processes. The
second conclusion is that pathway 2 was found to be the
preferred one in both matrixes. Under irradiation at the con-
ditions used in this work, the CO/isonicotinaldehyde ratio was
found to be ~2 in argon as well as in xenon, the observed
kinetics fitting well a simple parallel first-order kinetical model®’
with rate constants for reactions 1 and 2 being 1.7 £ 0.1 x
1072 min~! and 1.1 & 0.1 x 1072 min~! in argon and 2.4 +
0.0004 x 103 min ! and 1.0 & 0.0002 x 1073 min~! in xenon,
respectively. On the other hand, the B3LYP/6-311++G(d,p)
calculated reaction energies were 137.8 and 140.8 kJ mol™!,
for pathways 1 and 2, respectively; that is, nearly equal.
Taking into account all observations described above, it can
be concluded that pathway 1 corresponds to a characteristic (n,
%) Norris type I a-cleavage of the C;;—Nj; bond, leading to
the primary production of the NCsH,C=0 and H,NNH radicals,
which since being matrix-cage-confined can easily rearrange
to the final products by H-atom transfer. On the other hand,
pathway 2 occurs, with all probability, through a concerted
mechanism, with a lower energy barrier. Very interestingly, such
a concerted mechanism can be expected to be favored by a trans-
like structure about the C;;—Nj3 bond, pointing to the relevance
of a structure similar to conformer T in the involved excited
state(s). This hypothesis, however, must be confirmed through
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dimer I1I: 17.8 (-54.4)

Figure 9. DFT(B3LYP)/6-311++G(d,p) calculated structures for the
most stable dimers of INH based on the most stable C1 monomeric
structure (dimers I and III) and on the T conformer (dimer II). Dimer
I corresponds to the crystallographic relevant dimeric structure (see
Scheme 2).% Relative energies of the dimers and dimerization energies
[calculated as E(dimer) — 2 x E(monomer); in parentheses] are given
in kJ mol~!. All the dimers belonging to the C; symmetry point group.

high-level computational studies on the excited state potential
energy surfaces of INH.

Neat Solid State Vibrational Spectra. The structure of the
INH crystal at room temperature was obtained by X-ray
diffraction long ago.’” The number of molecules in the unit cell
(orthorhombic, a,= 11.33 A; b,= 14.74 A; c,= 3.84 A; space
group P2,2,2;) was found to be 4, all of them assuming the C1
conformation. In the crystal, there are two types of intermo-
lecular —N—H-*-+*N— bonds: the strongest type connects the
amide hydrogen atom of one molecule (I in Scheme 2) to the
amine nitrogen of a second molecule (II) and vice versa, forming
a dimer; the second and weaker type connects one of the amine
hydrogen atoms of each constituent of the dimer unit to the
endocyclic nitrogen atom of another molecule (IIT and IV). In
view of the importance of the dimeric unit in the INH crystal,
in the present study, we have optimized its structure and
calculated its infrared spectra, which was used in the analysis
of the spectra obtained experimentally for the solid neat
compound.

Figure 8 displays the IR spectra of INH in the neat low-
temperature amorphous phase resulting from fast deposition of
the vapor of the compound onto the cold (10 K) substrate of
the cryostat as well as in the crystalline state resulting from
warming that sample up to 275 K. The spectrum of the room
temperature polycrystalline phase of INH in KBr pellet, as well
as the calculated spectrum for the crystallographically relevant
dimer unit, are also presented in this figure, for comparison (the
predicted spectra for other low-energy dimeric structures are
provided in the Supporting Information, Figure S1). The pro-
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posed assignments are given in Table 4. As could be expected
considering the essentially unordered arrangement of the INH
molecules in the amorphous phase, the spectrum of this phase
is constituted by rather broad bands, which become progressively
narrower upon warming due to relaxation to more ordered states.
Upon crystallization of the sample (at 270 K), the infrared
spectrum becomes essentially equal to that of an INH poly-
crystalline sample in KBr pellet at room temperature. This
observation proves that the two crystals are identical.

Since we were interested in understanding in more detail the
aggregation preferences of INH, in addition to the crystal-
lographic relevant dimer, we looked for other low-energy
dimeric structures. Not surprisingly, the crystallographic relevant
dimer (dimer I) resulted in the ground state structure of the
isolated INH dimer. Its calculated dimerization energy, as given
by the difference between the energy of the dimer and the sum
of its constituting monomeric units, amounts to —31.4 kJ mol ™.
Very interestingly, among all the dimers investigated, the
centrosymmetric dimer based on conformer T bearing a typical
amide dimer hydrogen bond linkage (dimer III in Figure 9) was
found to be the one having the most favorable dimerization
energy, —54.4 kJ mol™!, almost twice that found for the
experimentally relevant and most stable dimer I. This indicates
that the intermolecular H-bonds are considerably stronger in
dimer III than in dimer I. Nevertheless, although the dimerization
energy of dimer III is quite favorable, its energy is still
considerably higher than that of dimer I (17.8 kJ mol™!) because
of the much higher intrinsic energy of their constituting
monomeric units (T conformer). Note also that both C1 and
C2 conformers can also form dimers with a pair of NHmige)*** O
intermolecular hydrogen bonds, but in these two cases, this H
bond motiff leads to formation of an energetically disfavored
11-membered ring instead of the very stable typical 8-membered
ring amide dimer resulting when the constituting monomers
adopt the T conformation (see Figure 9).

Conclusion

Quantum chemistry calculations on INH molecule revealed
the existence of 12 minimum energy conformations, corre-
sponding to three 4-fold degenerate by symmetry conformational
states. Two of these different conformational states possess a
cis arrangement about the O=C—N—N axis (C1, C2), whereas
the remaining one is trans about this axis (T). The C1 conformer
was predicted to be more stable than T and C2, by 20.4 and
22.6 kJ mol™!, respectively, and was the sole conformer
experimentally observed for the matrix-isolated compound as
well as in the neat, low-temperature, glassy state prepared from
deposition of the vapor of the compound at 70 °C onto a
substrate cooled to 10 K. The C1 conformer was also found to
be the constituting monomeric unit of the crystalline phase of
INH produced from warming of the low-temperature, neat,
amorphous state.

The relative stability of the three conformers was interpreted
in terms of intramolecular interactions, the considerably greater
stability of the C1 form being ascribed to the presence in this
form of a relatively strong H bond (Nj4;—H¢***O). Reaction
pathways for conformational isomerization were obtained. It was
shown that interconversion energy barriers are small within a
given family of conformers (smaller than ~11 kJ mol™"),
whereas conversions between conformers belonging to different
families have high energy barriers (higher than 30 kJ mol™!)
except that between C2 and C1, which has an energy barrier of
7.5 kJ mol ™.

The infrared spectra of INH in the different phases studied
were fully assigned.
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After UV (4 > 235 nm) irradiation of the matrix-isolated
isoniazid, the compound was found to undergo photolysis
through two different pathways: a slower Norris type I a-cleav-
age, leading to production of isonicotinaldehyde and N,H,, and
a faster concerted sigmatropic reaction with production of
pyridine, CO, and N,H,. The latter reaction was found to be
nearly 2 times faster than the first one in both argon and xenon
matrixes. In addition, both reactions were found to be disfavored
in a xenon matrix, which is in consonance with the involvement
of (n, w*) excited states in both photochemical processes.
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