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The UV isomerization of formamide (HCONH2) trapped in xenon, nitrogen, argon, and neon cryogenic matrices
has been monitored by Fourier transform infrared (FT-IR) spectroscopy. Formamide monomer is the only
species present in the matrices after deposition; when UV-selective irradiation was carried out at 240 nm, the
n f π* transition allowed us to observe the formation of several isomers of formimidic acid [H(OH)Cd
NH]. On these latter species, we carried out selective IR irradiation of their OH stretching mode and compared
the experimental and theoretical (B3LYP/6-311+G(2d,2p)) sets of bands. This study allowed us to characterize
for the first time all the isomers of formimidic acid. We have then studied the vacuum UV photodecomposition
(λ > 160 nm) of this molecule at 10 K in argon and xenon matrices. Several primary photoproducts such as
HCN‚H2O, HNC‚H2O, and HNCO‚H2 complexes, yielded by dehydration and dehydrogenation processes,
were characterized.

1. Introduction

Formamide/formimidic acid, of CH3NO molecular formula,
represents the simplest form of amide/imidic acid tautomerism,
which is known to play an important role in many areas of
chemistry and biochemistry.1 Selective UV irradiations at 193
nm of formamide isolated in argon matrix have been performed
by Lundell et al.,2 leading to the characterization of the
photoproducts: CO‚NH3 and HNCO‚H2 complexes.2 On the
other hand, UV irradiation at 248 nm in argon matrix with a
KrF excimer laser was performed by Maier and Endres,3 leading
through a 1-3 hydrogen transfer to the formimidic acid
(H(OH)CdNH), a tautomer of the formamide. Several cases
of UV-induced intramolecular proton-transfer reaction from the
NH group of amide or thioamide have been already observed
in cryogenic matrix.4-7 Maier and Endres3 have shown by
comparison between the experimental and calculated IR spectra
that formimidic acid is present in argon matrix as two forms
called (s-Z)-(E) and (s-Z)-(Z) as displayed in Scheme 1. Among
the four possible conformers of formimidic acid, the most stable
was found to be the (s-Z)-(E) form, predicted to be 50 kJ mol-1

less stable than formamide.8 However, formimidic acid is found
to be more stable than the other CH3NO isomers such as
formaldoxime, nitrosomethane, nitrone, and oxaziridine. The
barrier estimated by ab initio calculations in the ground state
for the conversion between formamide and formimidic acid is
relatively high (200 kJ mol-1 above formamide).8 The energy
needed to get over this barrier can be provided by the resonant
excitation of the forbidden nf π* transition located at 219
nm (ca. 544 kJ mol-1).9-11

In this paper we present selective UV irradiation (240 nm)
of formamide in different environments (Xe, N2, Ar, and Ne)
leading to the formimidic acid. Then we suggest the vibrational

assignments of the different formimidic acid isomers obtained
by selective IR irradiation in theν(OH) region and supported
by theoretical calculations. We report the results relative to the
photolysis of the formimidic acid that have been performed with
broad-band UV irradiation of a H2 lamp irradiating atλ > 160
nm. We give evidence of dehydrogenation and dehydration
processes that lead to the formation of complexes such as
HNCO‚H2 and HCN‚H2O.

2. Experimental Details

Formamide was obtained from Aldrich (99% purity) and
purified under vacuum and prolonged degassing at 50°C. The
vapor pressure of formamide is too low to be handled by the
usual vacuum line method. Thus, it is placed into a small glass
tube, which is connected to the cryostat and then entrained at
room temperature with argon (Linde, 99.99% purity), neon (Air
Liquide, 99,99% purity), xenon (Air Liquide, 99.99% purity),
or nitrogen, N2 (Air Liquide, 99.99% purity) on a Au-plated
cube of copper cooled between 4 and 10 K. Under these
conditions, we cannot determine accurately the formamide
concentration in the host gases; we can only state that we worked
with a large excess of host gases in the mixture (around 1/500).
During the deposition, the cryostat is kept under a limit and
constant pressure of 10-7 mbar and the sample is deposited at
4, 20, 25, and 30 K in Ne, Ar, N2, and Xe matrices, respectively.
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SCHEME 1: Phototautomeric Reaction of Formamide
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Formimidic acid [H(OH)CdNH] was generated by UV
photolysis (240 nm) of formamide (HCONH2) at 4 K in rare
gas matrices (Ar, Ne, and Xe) and in N2 matrices.

For the irradiation (UV and IR), we used a BMI (Thales
Laser) pulsed tunable UV-visible-IR OPO laser (average
power: UV, 4 mW; IR, 8 mW). The radiation bandwidth was
less than 5 cm-1, the pulse duration was 15 ns, the repetition
rate was 10 Hz, and the tuning range was 225-800 nm for
UV-visible and 3700-2500 cm-1 for IR. Spectra between 4000
and 500 cm-1 were recorded with a Bruker IFS 66/S spectrom-
eter equipped with a liquid N2-cooled detector, at a resolution
of 0.12 cm-1.

Vacuum UV irradiation (λ > 160 nm) of formimidic acid
carried out after laser irradiation at 240 nm was performed on
another cryogenic head, equipped with a microwave discharge
hydrogen flow lamp (Opthos Instuments) mounted directly onto
the sample chamber. The radiations are transmitted to the
substrate through a SiO2 window in a range up to 160 nm. These
UV irradiation experiments (λ > 160 nm) were followed by
infrared spectroscopy. The spectra were recorded in transmis-
sion-reflection mode between 4000 and 600 cm-1, with a Nicolet
Magna 750 FTIR spectrometer equipped with a liquid N2-cooled
detector, a germanium-coated KBr beam splitter, and a globar
source. One hundred interferograms were accumulated, and the
resolution was also set to 0.12 cm-1.

3. Computational Details

Minimum-energy structures of the four stereoisomers of
formimidic acid, denoted (s-Z)-(E), (s-Z)-(Z), (s-E)-(Z), and
(s-E)-(E), have been fully optimized at the B3LYP/6-311+G-
(2d,2p) level of theory.12,13 The first notation refers to the
conformation of the molecule with respect to the C-O single
bond and the second to that with respect to the CdN double

bond. Normal coordinate calculations were carried out for each
minimum; the resulting vibrational frequencies remained un-
scaled. All these calculations were performed with the GAUSS-
IAN 98 program.14

A second step of these calculations was the identification of
the transition states involved in the reactional pathways describ-
ing the isomerizations between the four stereoisomers. For that,
we performed first semiempirical calculations to localize the
transition states (TS) and then to obtain the reaction pathways.
After that we used the semiempirical geometries to perform ab
initio optimization followed by ab initio TS calculations. We
also used an IRC (internal reaction coordinate) procedure to
check the reaction pathways and estimate the barrier heights.

The semiempirical calculations have been performed with the
full-chain method included in the AMPAC package.

4. Results and Discussion

Theoretical Calculations. All the optimized geometrical
parameters of the four stereoisomers, together with the energy
differences compared to the most stable, that is, the (s-Z)-(E)
stereoisomer, are gathered in Table 1. (s-Z)-(E) is the most stable
form, while (s-Z)-(Z), (s-E)-(Z), and (s-E)-(E) have energetic
differences of 15, 15.5, and 23 kJ mol-1, respectively. These
four stereoisomers will be hereafter noted1, 2, 3, and 4,
respectively. As for their geometrical parameters, it is worth
noting that they all have very close planar structures. Concerning
the higher stability of1, it is certainly due to the existence of
an intramolecular bond between the hydroxylic H and the N
atom, calculated with a distance of 2.3 Å. Our vibrational
assignment is based on the comparison of the experimental and
theoretical sets of bands. The harmonic frequencies are gathered
in Table 2. Two spectral regions (OH and CdN stretching
regions) are of particular interest in order to discriminate the
vibrational spectra of each isomer.

TABLE 1: Theoretical Geometrical Parameters of the Four Stereoisomers of Formimidic Acida

a Bonds (r) are given in angstroms; angles (R) and dihedral angles (γ) are given in degrees. Energies are in kilojoules per mole. Theoretical
parameters were obtained by use of B3LYP/6-311+G(2d,2p).
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For example, theνOH mode of1 is calculated at 3746 cm-1,
compared to 3784, 3824, and 3851 cm-1 for 2, 3 and 4,
respectively, leading to respective shifts of 38, 78, and 105 cm-1

with respect to1 (Table 2).
In the νCdN region we can separate the lower frequency

stereoisomers1 and 2, predicted at 1714 and 1715 cm-1,
respectively, from the higher frequency3 and 4, predicted at
1749 and 1746 cm-1 respectively. As in the upper case, if we
refer to1, the shifts are 1, 35, and 32 cm-1. For 1 and2, the
νCdN mode is the most intense, while theδNH and δOH
modes are the most intense in the case of3 and 4 (Table 2).

The second part of our theoretical investigations was devoted
to the reactional pathways of the isomerization reactions and
the localization of the transition states. Following the two-step
procedure described under Computational Details, we have
examined the reaction pathways involved in the isomerizations
between the four stereoisomers. These reaction pathways are
displayed in Figure 1.

In the case of the rotation around the single C-O bond, the
transition state for the reaction between1 and4, noted Ts1, is
found to be 45 kJ mol-1 (ca. 3700 cm-1) above1. The transition
state (Ts2) of the reaction between2 and3 is found to be 35 kJ
mol-1 (ca. 3000 cm-1) above 2. These two transition-state
structures are found to be nonplanar, exhibiting HCOH dihedral
angles close to 90°. These two barrier heights are typical of IR
energies. Thus we expect to be able to induce these reactions
by irradiating in theνOH spectral region.

In the case of rotation around the CdN double bond, that is,
1 f 2 and3 f 4, the barrier heights are predicted to be in both
cases about 100 kJ mol-1 (i.e., 9000 cm-1). The two transition
states, respectively Ts3 and Ts4, display planar structures with
CNH angles of 180° (Figure 1). The experimental implication
is that it should be impossible to induce these isomerizations
by irradiating in theνOH spectral region. Finally, we specify
that we did not perform any reaction pathway calculations for
the formamidef formimidic acid reactions because it has
already been done by Maier and Endres3 in the S0 electronic
state and will be the subject of a forthcoming publication.

FTIR Spectra of Formimidic Acid in Xe, N 2, Ar, and Ne
Matrices. After 500 min of irradiation at 240 nm in Xe, N2,
Ar, and Ne, the formamide absorption bands nearly vanish while
new absorptions due to formimidic acid grow (Figure 2). Besides
the bands related to the formimidic acid, we also observe several
other products yielded in a small amount such as the CO‚NH3

and the HNCO‚H2 complexes. These products have been already
reported by Lundell et al.2 in their formamide decomposition
study performed at 193 nm. In addition, we also observe after
formamide irradiation in argon matrix a small band at 3608 cm-1

(Figure 2) whose origin will be further discussed below in the
text.

As shown in Figure 2, which displays theν(OH) andν(Cd
N) stretching regions of formimidic acid, several bands are
observed in each region that suggest the presence of several
photoproducts. From comparisons between experimental and
theoretical frequency shifts in these two regions (labeled in Table
3 as∆νi1 ) ν(isomer i) - ν(isomer 1), we deduce that two
different structures of formimidic acid are found in Xe (Figure
2a), Ne (Figure 2d), and Ar (Figure 2c), whereas three different
isomers are detected in N2 matrix (Figure 2b).

In the ν(OH) region, the most intense band observed in Xe,
N2, Ar and Ne matrices is located at 3529, 3550, 3557, and
3570 cm-1, respectively. This band corresponds to the most
stable structure,1, which is expected from the theoretical
calculations to give the lower frequency in theν(OH) region.
Such a shift for aν(OH) mode relative to the same species is
consistent with a matrix effect [ν(Xe) < ν(N2) < ν(Ar) <
ν(Ne)], which is generally observed in the matrix isolation
studies.15-17 We notice also that the frequency of this mode is
lower than the free OH stretching mode expected above 3600
cm-1 in argon matrix and this change is mainly due to an
intramolecular hydrogen bond as shown in the previous part.

In Ar and Ne matrices (Figure 2c,d), in addition to the
absorption bands assigned to the most stable stereoisomer, we
observe weaker bands located at 3592 and 3609 cm-1 in each
respective matrix. The shifts of these bands are 35 and 39 cm-1

toward the higher wavenumbers in comparison with the1

TABLE 2: Theoretical Frequencies of the Four Isomers of Formimidic Acida

a Relative intensities are given as percentages.∆νi1 ) ν(isomeri) - ν(isomer 1): ∆ν21, ν(s-Z)-(Z) - ν(s-Z)-(E); ∆ν31, ν(s-E)-(Z) - ν(s-Z)-(E);
∆ν41, ν(s-E)-(E) - -ν(s-Z)-(E). ν, stretching;δ, bending;τ, torsion. Theoretical frequencies were obtained by use of B3LYP/6-311+G(2d,2p).
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frequency observed in these two matrices. These values are in
good agreement with the computational values reported above
(38 cm-1) for 2 (Table 3).

In Xe matrix, besides the band at 3529 cm-1 assigned to the
1 tautomer, we also observe a weaker band located at 3593
cm-1, shifted by 64 cm-1 with respect to the first band. This
shift is close to the predicted value (78 cm-1) calculated between
1 and3 stereoisomers. Thus the band at 3593 cm-1 is assigned
to isomer3.

In N2 matrix, we observe in theν(OH) region two weak
absorption bands located at 3580 and 3617 cm-1, which are
shifted by 30 and 67 cm-1 with respect to the frequencies of
the1 tautomer. As above, these shift values are consistent with
the presence of2 and3 structures in this matrix. The case of
the band located at 3554 cm-1 remains unclear because no
comparison between the theoretical and experimental shifts
seems possible. As will be confirmed below, we assign this band
to a site trapping.

In theν(CdN) region (1700-1665 cm-1) we observe, as was
predicted by quantum calculation, new vibrational bands, which
grow in two different ranges: a “low frequency” range (1662-

Figure 1. Theoretical isomerization pathways between the four conformers of formimidic acid. Stationary points and transition states were performed
with the B3LYP/6-311+G(2d,2p) method.

Figure 2. FTIR spectra of formimidic acid at 4 K obtained from
formamide irradiated with wavelength of 240 nm (500 min) in (a) xenon
matrix, (b) nitrogen matrix, (c) argon matrix, and (d) neon matrix.
Asterisks indicateν(NH2) stretching mode of remaining formamide.
Labels for isomers1-4 of formimidic acid (see text) are shown in
parentheses. AU, absorbance unit.

TABLE 3: Comparison between Experimental and
Theoretical Frequency Shiftsa

exptl frequencies/
exptl shifts∆νi1(exp) (cm-1)

Xe N2 Ar Ne
theor shiftsb
∆νi1(theo) species

νi(OH)
ν1 3529 3550 3557 3570 (s-Z)-(E)
ν2/∆ν21 3580/30 3592/35 3609/39 38 (s-Z)-(Z)
ν3/∆ν31 3593/64 3617/67 78 (s-E)-(Z)
ν4/∆ν41 3632/82 105 (s-E)-(E)

νi(CN)
ν1 1662 1669 1665 1672 (s-Z)-(E)
ν2/∆ν21 1666/-3 1670/5 1673/1 1 (s-Z)-(Z)
ν3/∆ν31 1688/26 1694/25 35 (s-E)-(Z)
ν4/∆ν41 1690/21 32 (s-E)-(E)

a ∆νi1 ) ν(isomer i) - ν(isomer 1) for theν(OH) and ν(CdN)
modes.b Theoretical shifts were obtained by use of B3LYP/6-
311+G(2d,2p).
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1672 cm-1) linked with 1 and 2 (Figure 2) and a “high
frequency” range (1688-1694 cm-1) linked to conformers3
and 4 (Figure 2). The experimental shift close to 25 cm-1

between these two frequency groups is consistent with the value
predicted by the calculations (35 cm-1). The large number of
features observed in the lower frequency area: two in Xe (Figure
2a), three in N2 (Figure 2b), four in argon (Figure 2c), and two
in Ne (Figure 2d) suggests that the structure1 is trapped in
different sites in Xe, N2, and Ar matrices. The weakest bands
observed at 1666 cm-1 in N2, 1670 cm-1 in Ar and 1671 cm-1

in Ne are due to the structure2. The structure3 is observed
exclusively in Xe at 1688 cm-1 and in N2 at 1694 cm-1. The

observation of this latter structure is supported by the presence
of strong bands located at 1300 and 1286 cm-1 in Xe and N2

matrices, respectively. Moreover, due to the fact that these latter
bands are the most intense of the observed spectra, we assign
them to theδ(OH) bending mode of3, as predicted by the
theoretical results.

At this point of the study, we observe in argon and neon
matrices that the irradiation of formamide leads to the formation
of structures1 and2. In xenon matrix, it leads to the formation
of the 1 and3 structures, while we observed the formation of
the three structures1, 2 and3 in nitrogen matrix. These results
confirm those reported by Maier and Endres,3 who have
observed in argon matrix the presence of only stereoisomers1
and2. The correlated changes of isomer distribution with the
rare gas matrices cannot be explained only by the isomer
stability. Indeed, the2 and 3 isomers are predicted to have
similar energies and thus these two forms should be similarly
populated. The matrix cage sizes and thus the steric effect do
not seem to have a striking impact on isomer stabilization.
Indeed, in Xe, which has the largest cage size matrix, we do
not observe the three forms. Then it seems that the changes in
the distribution of stereoisomers according to rare gas matrices
are induced by the polarizability of the matrix.15 For example,
3, for which the OH group is s-trans with respect to the CdN
bond and which has a calculated dipolar moment (2.8 D) higher
than that of2 (2 D), is not observed in low-polarizability Ar
and Ne matrices.18 On the contrary, this structure is observed
in Xe, which is known to be the most polarizable matrix.18

Concerning the stereoisomer of weakest polarity,2, we observe
it only in low-polarizability matrices such as Ar and Ne and
not in Xe.

On the other hand, it has been reported that the N2 matrix
has a polarizability on the order of Ar.18 Despite this fact, the

Figure 3. FTIR spectra of formimidic acid in nitrogen matrix at 4 K before infrared irradiation (a) and difference spectra showing the effect of
selective IR irradiation on theν(OH) stretching mode of isomer1 at 3544 cm-1 (b) and isomer2 at 3580 cm-1 (c). Labels for isomers1-4 of
formimidic acid are shown in parentheses.1′ is the trapping site of isomer1.

TABLE 4: Comparison of Calculated Frequencies for the
(s-Z)-(E) Stereoisomer of Formimidic Acid (1) with
Experimental Frequenciesa

exptl frequencies (cm-1)

assignment Xe N2 Ar Ne

calcd
frequencies

(cm-1)

νOH 3529 (m) 3544-3550 (m) 3557 (m) 3570 (m) 3746 (18)
νNH 3381 (w) 3362 (w) 3381 (w) 3536 (4)
νCH 2971 (w) 2980 (w) 2988 (w) 2971 (w) 3113 (9)
νCdN 1662 (s) 1669-1667 (s) 1665 (s) 1672 (s) 1714 (100)
δCH/δNH 1365 (m) 1372 (m) 1367 (m) 1365 (w) 1396 (8)
δCH/δNH/δOH 1371 (0)
δCH/δOH/δNH 1170 (m) 1166 (m) 1169 (m) 1170 (m) 1192 (32)
δNH + νCO 1046 (m) 1058 (m) 1045 (m) 1046 (m) 1062 (68)
τOH/τNH 1045 (0)
τNH 817 (w) 828-832 (w) 816 (w) 817 (w) 825 (12)

a Calculated frequencies were obtained by use of B3LYP/6-
311+G(2d,2p). Experimental frequencies were obtained after irradiation
of formamide atλ ) 240 nm at 4 K in Xe, N2, Ar, and Ne matrices.
Theoretical relative intensities are given in parentheses and are
normalized to the most intense band. Experimental relative intensities
are indicated by s, strong; m, medium; and w, weak.ν, stretching;δ,
bending;τ, torsion.
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three structures pointed out above are detected. It seems that
the stabilization of the isomers is ruled by the electrostatic
interaction between their OH groups and the N2 molecules of
the cryogenic crystal instead of the polarizability of the matrix.19

IR Excitation of Formimidic Acid Stereoisomers. As
reported in the literature, infrared irradiation is able to induce
changes in the conformational distribution of a molecule in a
low-temperature matrix.20-24 The mechanism that is generally
proposed to explain the isomerization processes involves
absorption of radiation, followed by a conversion into internal
rotation modes by intramolecular energy transfer only if the
internal rotation barrier is on the order of the energy of the IR
photon. In our case, from our theoretical calculations, an IR
irradiation in theν(OH) region at ca. 3600 cm-1 (i.e., 43
kJ‚mol-1) should provide sufficient energy to overcome the
rotation barrier around the C-O bond. Then, all isomers of the
formimidic acid could be observed and the assignment of the
vibrational bands of each isomer should be realized unequivo-
cally.

We will just describe below the selective IR irradiations that
we performed in N2 matrix because this is the only matrix in
which we have observed striking effects. Indeed, when the same

irradiations were carried out in the three other matrices, no
noticeable spectral changes were observed at our recording time
scale, that is, 30 s for each spectrum. It does not mean that no
photoeffects occur, but certainly that our recording time scale
is too long compared to the lifetime of the photoproducts in
these three media.25,26

Irradiation at 3544 cm-1. The main effect of irradiation at
3544 cm-1 of theν(OH) mode of stereoisomer1 is the decrease
of the bands at 3544, 3362, 2980, 1669, 1058, and 828 cm-1

counterbalanced by the increase of those at 3550, 1667, 1057,
and 832 cm-1 on one hand and on the other hand by the
appearance of those at 3632, 1690, 1293, and 1053 cm-1 (Figure
3b, Table 4). If we compare the experimental sets of bands with
the theoretical ones, it is clear that the former set of increasing
bands is due to a trapping site of the stereoisomer1, labeled1′,
whereas the second set matches isomer4 (Table 3). Thus the
IR irradiation of theν(OH) stretching mode of1 leads to isomer
4. It should be noted that we observe a complete back reaction
from 4 to 1 in 10 min at 4.4 K in the IR beam of the
spectrophotometer. We think that the globar photons are mainly
involved in this back reaction.

Irradiation at 3580 cm-1. After the irradiation on theν(OH)
mode of stereoisomer2 at 3580 cm-1 (Figure 3c), we observe
the decrease of bands centered at 3580, 3357, 1666, 1332, 1128,
1073, 1048, and 841 cm-1, while those assigned to3 at 3617,
3299, 1694, 1391, 1286, 1177, 1058, 1043, and 860 cm-1

increase. Irradiation at 3617 cm-1 allows the complete back
isomerization of3 to 2. It is also obvious that the globar photons
induce also this back conversion but at a lower rate.

These IR-selective irradiations allowed us to suggest a
complete vibrational assignment for each stereoisomer and they
have been used to compare the sets of vibrational bands in the
three other matrices (Tables 4-7).

UV Irradiation ( λ > 160 nm) of Formimidic Acid. The
vacuum UV irradiations (λ > 160 nm) of formimidic acid were
performed in Ar and Xe matrices at 10 K. The half-life of
formimidic acid decomposition in Ar matrix is reached after
260 min, whereas in xenon matrix, it is reached after only 15
min.

Thus, after vacuum UV irradiation in Ar and Xe matrices of
formimidic acid, new bands appear, particularly in the typical
region of isocyanic acid (HNCO),27 HCN (2100-2090 cm-1),28

HNC (2060-2040 cm-1),29 and also in the typical region of
water (3700-3600 and 1650-1500 cm-1) (Figure 4, Table 8).30

TABLE 5: Comparison of Calculated Frequencies for the
(s-Z)-(Z) Conformer of Formimidic Acid (2) with
Experimental Frequenciesa

exptl frequencies (cm-1)

assignment N2 Ar Ne

calcd
frequencies

(cm-1)

νOH 3580 (w) 3592 (w) 3609 (w) 3784 (13)
νNH 3357 (w) 3455 (3)
νCH 3055 (w) 3048 (w) 3166 (3)
νCdN 1666 (s) 1670 (s) 1671 (s) 1715 (100)
δCH/δNH 1410 (0)
δCH/δNH/δOH 1332 (w) 1335 (w) 1337-1332 (w) 1346 (12)
δCH/δOH/δNH 1128 (m) 1099 (m) 1099 (m) 1127 (82)
δNH + νCO 1073 (m) 1053 (m) 1053 (m) 1069 (28)
τOH/τNH 1048 (m) 1048 (m) 1041 (m) 1064 (22)
τNH 841 (w) 832 (w) 833 (w) 847 (18)

a Calculated frequencies were obtained by use of B3LYP/6-
311+G(2d,2p). Experimental frequencies were obtained after irradiation
of formamide atλ ) 240 nm at 4 K in N2, Ar, and Ne matrices.
Theoretical relative intensities are given in parentheses and are
normalized to the most intense band. Experimental relative intensities
are indicated by s, strong; m, medium; and w, weak.ν, stretching;δ,
bending;τ, torsion.

TABLE 6: Comparison of Calculated Frequencies for the
(s-E)-(Z) Conformer of Formimidic Acid (3) with
Experimental Frequenciesa

exptl frequencies (cm-1)

assignment Xe N2
calcd

frequencies (cm-1)

νOH 3593 (w) 3617 (w) 3824 (18)
νNH 3470 (2)
νCH 3299 (w) 3116 (7)
νCdN 1688 (s) 1694 (s) 1748 (64)
δCH/δNH 1391 (w) 1418 (4)
δCH/δNH/δOH 1300 (s) 1286 (s) 1303 (100)
δCH/δOH/δNH 1166-1167 (w) 1177 (w) 1175 (9)
δNH + νCO 1058 (w) 1056 (18)
τOH/τNH 1043 (w) 1056 (15)
τNH 847 (w) 860 (w) 870 (8)

a Calculated frequencies were obtained by use of B3LYP/6-
311+G(2d,2p). Experimental frequencies were obtained after irradiation
of formamide atλ ) 240 nm at 4 K in Xe and N2 matrices. Theoretical
relative intensities are given in parentheses and are normalized to the
most intense band. Experimental relative intensities are indicated by s,
strong; m, medium; and w, weak.ν, stretching;δ, bending;τ, torsion.

TABLE 7: Comparison of Calculated Frequencies for the
(s-E)-(E) Conformer of Formimidic Acid (4) with
Experimental Frequenciesa

assignment N2 calcd frequencies (cm-1)

ν(OH) 3632 (w) 3851 (36)
ν(NH) 3537 (6)
ν(CH) 3040 (24)
ν(CdN) 1690 (s) 1746 (97)
δ(CH/δNH) 1417 (7)
δCH/δNH/δOH 1293 (s) 1328 (77)
δCH/δOH/δNH 1192 (20)
δNH + νCO 1053 (s) 1049 (100)
τOH/τNH 1033 (0)
τ NH 826 (30)

a Calculated frequencies were obtained by use of B3LYP/6-
311+G(2d,2p). Experimental frequencies were obtained after IR
irradiation (3544 cm-1) of the (s-Z)-(E) isomer of formimidic acid at
4 K in an N2 matrix Theoretical relative intensities are given in
parentheses and are normalized to the most intense band. Experimental
relative intensities are indicated by s, strong; m, medium; and w, weak.
ν, stretching;δ, bending;τ, torsion.
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By comparison with previous studies, we can easily assign each
of these bands to different complexes. The formation of the
HNCO‚H2 complex after vacuum UV irradiation of formimidic
acid is deduced from the presence of its strong bands located
at 2264 cm-1 in argon matrix or 3480 and 2254 cm-1 in xenon
matrix.2 The HNCO‚H2 complex (Figure 4, Table 8) has been
already observed by Lundell et al.2 in their photodecomposition
study of formamide at 193 nm in argon and xenon matrices.
Thus, formimidic acid is also a source of the HNCO‚H2

complex. We suggest that the reaction pathway leading to this
complex from formimidic acid involves a cleavage of the OH
and CH bonds followed by recombination of hydrogen atoms.
In addition, in theνCO stretching region, we observe after
irradiation a small band at 2145 cm-1 in argon matrix due to
the CO‚NH complex coming from HNCO photolysis.31

After 505 min of irradiation of the formimidic acid (λ > 160
nm), we observe the formation in argon matrix of two different
hydrogen-bonded HCN‚H2O and HNC‚H2O complexes display-
ing two orientations: NCH-OH2 (complex A) and HCN-HOH
(complex B) for the first type of complex and CNH-OH2

(complex C) and HNC-HOH (complex D) for the second type
(Figure 4). The structures of these complexes are shown in
Scheme 2. The identification of these complexes is based on a
recent study in which Heikkila¨ et al.32 report the vibrational
bands of these complexes from the irradiation in argon matrix

of the formaldoxime (H2CdNOH), an isomer of formimidic
acid. The bands assigned in our spectra to these complexes are
labeled in Figure 4 and the frequencies are reported in Table 8.
It is noticeable that before the formimidic acid irradiation at
160 nm (i.e., after the photolysis of formamide at 240 nm in
order to form formimidic acid), a small amount of complex A
is observed, characterized by the band located at 3608 cm-1

(Figure 2). Thus we can conclude that formimidic acid is also
able to be dissociated at 240 nm. Nevertheless, at this
wavelength, the photoprocess is less efficient than at 160 nm,
which suggests that the formimidic acid could have an absorp-
tion band closer to 160 nm than 240 nm.

Using the results in argon matrix, we also observe in xenon
matrix that a sharp band in theν(CN) region at 2088 cm-1 grows
after irradiation of the formimidic acid, which can be assigned
to complex A (Table 8). In theν(CH) andν(NH) stretching
region, two bands at 3290 and 3284 cm-1 can be assigned to
complexes B and C, respectively (Table 8). Unfortunately, with
our experimental conditions in xenon matrix, we did not detect
complex D. As for the formaldoxime, the formation of these
complexes should result from a breaking of the CO bond and
formation of the OH radical, followed by a recombination of
this radical with one of the hydrogen atoms of HCNH radical
to yield either HNC+ H2O or HCN + H2O (see Scheme 2).
This dehydration process has been considered only from a

Figure 4. FTIR difference spectrum between the formimidic acid in argon matrix before irradiation and after vacuum UV irradiation (500 min)
at λ > 160 nm in argon matrix at 10 K; the products arising from the photodissociation process are shown as positive, and the formimidic acid
appears as negative. AU, absorbance unit.

SCHEME 2: Possible Mechanism of Decomposition of Formimidic Acid
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theoretical point of view in the case of acetamide, and the most
favorable mechanism leading to the dehydration product is
described as occurring in the ground state.33

5. Conclusion

UV irradiation at 240 nm of formamide induces mainly a
conversion of this molecule into formimidic acid, resulting in
an 1,3 intermolecular hydrogen transfer. According to the matrix
gas, two or three different species are observed after irradiation,
and it seems that the polarizability of the matrix has an effect
on this selectivity. The most intense bands are assigned to the
most stable structure1 predicted by ab initio calculations. From
infrared-induced isomerization experiments performed in N2

matrix, exciting theν(OH) stretching mode of each stereoisomer,
conversions between conformers occur:1f4 and 2f3. An
accurate assignment of the bands of each of these species has
been realized.

The broad-band UV irradiation of formimidic acid performed
at λ > 160 nm leads to two main processes, dehydrogenation
and dehydration. In the first case, HNCO‚H2 complex is formed,
whereas in the second case, HNC and HCN in interaction with
water are yielded. The dehydration reaction concerning amides

or their tautomers is reported for the first time, and that can
induce new insight into the photochemical mechanism of these
molecules.
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TABLE 8: Observed Absorption Bands after Vacuum
UV-Induced Photodecomposition of Formimidic Acid in
Argon and Xenon Matrices at 10 K

obs band (cm-1)

argon xenon species complexa assignmentb

3715 H2O (+HCN) C ν(OH)
3608 HNC (+H2O) D ν(NH)
3594 H2O (+HCN) C ν(OH)
3560 H2O (+HNC) D ν(OH)

3480 HNCO (+H2) ν(NH)
3439 ?

3298 3290 HCN (+H2O) C ν(CH)
3284 3284 HNC (+H2O) B ν(NH)
3184 3130 HCN (+H2O) A ν(CH)
2264 2254 HNCO (+H2) ν(NCO)
2145 CO (+NH) ν(CO)
2090 2088 HCN (+H2O) A ν(CN)
2048 HNC (+H2O) D ν(CN)
1629 H2O (+HCN) C δ(HOH)
1598 H2O (+HCN) A δ(HOH)

843 HCN (+H2O) A δ(HCN) oop
766 763 ?
727 729 HCN (+H2O) C δ(HCN) oop

a (A) NCH‚OH2 complex; (B) CNH‚OH2 complex; (C) HCN‚HOH
complex; (D) HNC‚HOH complex.b ν, stretching;δ, bending; oop,
out of plane.
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