
Citation: Reva, I.; Rostkowska, H.;

Lapinski, L. Phototransformations of

2,3-Diamino-2-Butenedinitrile

(DAMN) Monomers Isolated in

Low-Temperature Argon Matrix.

Photochem 2022, 2, 448–462.

https://doi.org/10.3390/

photochem2020031

Academic Editor: Elena Cariati

Received: 30 May 2022

Accepted: 14 June 2022

Published: 16 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Phototransformations of 2,3-Diamino-2-Butenedinitrile
(DAMN) Monomers Isolated in Low-Temperature Argon Matrix
Igor Reva 1,* , Hanna Rostkowska 2 and Leszek Lapinski 2

1 University of Coimbra, CIEPQPF, Department of Chemical Engineering, 3030-790 Coimbra, Portugal
2 Institute of Physics, Polish Academy of Sciences, Al. Lotników 32/46, 02-668 Warszawa, Poland;

rostk@ifpan.edu.pl (H.R.); lapin@ifpan.edu.pl (L.L.)
* Correspondence: reva@eq.uc.pt

Abstract: UV-induced transformations were studied for monomers of 2,3-diamino-2-butenedinitrile
(DAMN) isolated in argon matrices. Photoinduced hydrogen-atom transfer was found to be the
major process occurring upon UV (λ > 320 nm or λ > 295 nm) excitation of matrix-isolated DAMN
monomers. As a result of the transfer of a hydrogen atom from an amino group to a nitrile
fragment, a tautomer of DAMN involving a ketenimine group was generated. Identification of
this photo-produced species was based on comparison of its experimental IR spectrum with the
spectrum theoretically predicted for the ketenimine form. Another product photogenerated upon
UV (λ > 320 nm, λ > 295 nm, or λ > 270 nm) irradiation of DAMN isolated in Ar matrices was
identified as 4-amino-1H-imidazole-5-carbonitrile (AICN). The structure of this photoproduct was
unambiguously assigned on the basis of an exact match of wavenumbers of the bands in the IR
spectrum of this photogenerated species and the wavenumbers of IR bands of AICN trapped (in a
separate experiment) from the gas phase into an Ar matrix.

Keywords: photochemistry; IR spectra; matrix isolation; DAMN; AICN; ketenimine; hydrogen-atom
transfer

1. Introduction

2,3-Diaminomaleonitrile (DAMN) and 2,3-diaminofumaronitrile (DAFN) are the cis
and trans isomers of 2,3-diamino-2-butenedinitrile (Scheme 1). According to their for-
mula, C4N4H4, these compounds can be treated as tetramers of HCN. Indeed, DAMN
has been identified as one of the products of HCN polymerization [1–6]. Moreover, it was
demonstrated that DAMN transforms to DAFN in the very well-known cis–trans photoiso-
merization process [7]. Then, this trans isomer (DAFN) can photochemically convert [8–11]
into the cyclic imidazole derivative (4-amino-1H-imidazole-5-carbonitrile AICN, Scheme 1).
The photoinduced DAMN-to-DAFN isomerization and formation of AICN are believed to
play a key role in the formation of purine nucleobases on early Earth [9–13].

Scheme 1. The cis (DAMN) and trans (DAFN) isomers of 2,3-diamino-2-butenedinitrile, their keten-
imine tautomer, and 4-amino-1H-imidazole-5-carbonitrile (AICN).
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The mechanistic description of the photoprocess transforming DAMN/DAFN into
AICN was the subject of several experimental and theoretical studies [11,13]. Differ-
ent molecular structures were proposed as potential intermediates on the route from
DAMN/DAFN to AICN. One of such structures is ketenimine (Scheme 1) resulting from
the photoinduced intramolecular hydrogen-atom transfer in DAFN. However, conversion
of an enaminonitrile (such as DAMN/DAFN) to a structure with the imidazole ring must
involve not only hydrogen-atom transfer processes, but also cleavage of one of the CC
bonds and formation of a new CN bond. That is why structures with four-membered ring
(azetines) or with three-membered-ring (azirines) should also be considered as potential
intermediates involved in the photoinduced DAMN/DAFN→ AICN process.

In the current work, the photoinduced transformations were studied for monomeric
DAMN molecules isolated in low-temperature argon matrices. One of the goals of the
present study was a reliable identification of a ketenimine tautomer (Scheme 1) as a
pro-duct of phototransformations of the DAMN molecules. The experimental investi-
gation was also aimed at finding convincing spectral indications of the photochemical
DAMN/DAFN→ AICN transformation.

2. Experimental Methods

Samples of the compounds investigated in the current study, 2,3-diamino-maleonitrile
(DAMN) purity > 98%, and 4-amino-1H-imidazole-5-carbonitrile (AICN) purity > 95%,
were purchased from Sigma-Aldrich. Before a matrix-isolation experiment, a solid sample
of a studied compound was placed in a miniature glass oven located inside the vacuum
chamber of a cryostat with a Sumitomo SRDK-408D2 closed-cycle cooler. Then, the
cryostat was evacuated, and the solid compound was heated by a resistive wire wrapped
around the glass oven. The vapor of the compound was deposited, together with large
excess of argon, onto a CsI window cooled to 12 K. The mid-IR spectra were recorded in
the 4000–500 cm−1 range with 0.5 cm−1 resolution using a Thermo Nicolet iS50R FTIR
spectrometer equipped with a KBr beam splitter and a DTGS detector with a KBr window.
The spectra in the lower-wavenumber 700–300 cm−1 range were recorded using the
same spectrometer but with a “solid substrate” beam splitter and a DTGS detector with
a polyethylene window. Matrix-isolated monomers of the studied compounds were
irradiated with UV light from a high-pressure mercury lamp fitted with a water filter and
an appropriate cut-off Schott filter (WG360, WG335, WG320, WG295, or UG11 transmitting
light with λ > 360 nm, λ > 335 nm, λ > 320 nm, λ > 295 nm, or λ > 270 nm, respectively).

3. Computational Details

Geometries of DAMN and DAFN molecules, as well as geometries of the species that
may be generated upon UV irradiation of DAMN/DAFN, were fully optimized at the
DFT(B3LYP) level of theory [14–16]. At the optimized geometries, harmonic vibrational
frequencies and infrared intensities were computed at the same DFT (B3LYP) level. To
approximately correct for the neglected anharmonicity, the harmonic DFT frequencies
were scaled by factors of 0.950 (for wavenumbers higher than 3200 cm−1) and 0.980 (for
wavenumbers lower than 1800 cm−1), used in our previous works [17,18]. For wavenum-
bers from the 3200–1800 cm−1 range, we used a factor of 0.957, obtained from the ratio
between the frequency of the standalone band due to the C≡N stretching mode observed in
this work for matrix-isolated DAMN (2225 cm−1) and the frequency of the respective mode
computed for the DAMN monomer (2324 cm−1). These data were used to simulate the IR
spectra using the ChemCraft software [19]. The peaks centered at the scaled wavenumbers
were convoluted with Lorentzian functions having a full width at half-maximum (fwhm)
equal to 2 cm−1 and peak heights equal to the computed infrared intensities. The above
theoretical computations were carried out with the Gaussian 09 set of programs [20], using
the standard 6-311++G(d,p) basis set [21–23].

For the estimation of the isomerization barriers, the geometries of the respective tran-
sition states (TS) were fully optimized [24,25]. The harmonic vibrational frequencies were
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computed at the DFT (B3LYP)/6-311++G(d,p) level of theory to verify that the found sta-
tionary point has one imaginary frequency. Thereafter, we mapped out the intrinsic reaction
coordinate (IRC) [26], starting from the TS in both directions, until a local minimum was
detected on each side. For the IRC following, we employed the Hessian-based predictor-
corrector integrator in the Cartesian (non-mass-weighted) coordinate system as imple-
mented in the Gaussian 16 electronic structure package [27]. This allowed a comparison of
the shapes of different barriers, expressed in the generalized multidimensional coordinates.

Vertical excitation energies of the low-energy electronic excited singlet states were
computed at the same DFT(B3LYP)/6-311++G(d,p) level, using time-dependent DFT ap-
proach [28,29]. For the graphical representation, each computed electronic transition was
convoluted with a Lorentzian function having a half width at half-maximum (hwhm) equal
to 0.248 eV (2000 cm−1).

4. Results
4.1. Molecular Structures of DAMN and DAFN

Optimization of the structure of DAMN (the cis isomer of 2,3-diamino-2-butenedinitrile),
performed at the DFT(B3LYP)/6-311++G(d,p) level, led to identification of only one mini-
mum on the potential energy surface (PES). This minimum corresponds to the structure
with the C2 symmetry axis (Figure 1). In such a structure, the amino groups are symmetri-
cally involved in a cyclic hydrogen-bond-like intramolecular interaction. This interaction
may be similar to that found in the ammonia dimer [30–33].

Figure 1. Optimized geometry of the DAMN molecule: two projections of the lowest-energy form
with C2 symmetry. Color codes: blue—nitrogen, gray—carbon, white—hydrogen.

Two low-energy minima were found on the PES of DAFN (the trans isomer of 2,3-
diamino-2-butenedinitrile). These minima correspond to nearly planar structures of the
molecule; however, in both of them, the amino groups are slightly pyramidal. In the
lowest-energy structure, the lone electron pairs of the NH2 nitrogen atoms point to the
same side of the “plane” formed by the heavy atoms. This structure belongs to the C2
symmetry group (Figure 2 and Appendix A, Figure A1). The other structure has a center
of symmetry and belongs to the Ci symmetry group. In this form, the lone electron pairs
of the NH2 nitrogen atoms point to the opposite sides of the approximate plane of the
DAFN molecule. The energy of this latter Ci form is only slightly higher (by 0.46 kJ mol−1,
including the zero-point vibrational energy correction) than the energy of the C2 structure.
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Figure 2. Potential energy minima due to Ci and C2 structures of DAFN. The barriers separating
these minima were computed at the DFT(B3LYP)/6-311++G(d,p) level by following the PES of the
DAFN system along the torsional (tors) or inversional (inv) intrinsic reaction coordinate. The insets
show the geometries of two DAFN minima, with emphasis (orange ovals) on the one amino group
which changes the pyramidalization. Color codes: blue—nitrogen, gray—carbon, white—hydrogen.

Transition of one of these forms into the other by rotation of one of the amino groups
around the C−N bond is related with a moderately high (~15 kJ mol−1) barrier. How-
ever, the transition between the C2 and Ci structures by inversion of one of the amino
groups is related with such a low barrier (4.5 kJ mol−1) that its crossing would occur on
the subpicosecond time scale. Hence, both the C2 and Ci structures can be treated as a
single quasiplanar form of the real DAFN molecule. Existence of the two closely lying
C2 and Ci minima on the PES of DAFN should result in distortions of the shape of the
multidimensional potential energy well. This is expected to make some vibrations of the
molecule significantly anharmonic.

4.2. Infrared Spectrum of DAMN Isolated in Low-Temperature Ar Matrices

The infrared spectrum of DAMN monomers isolated in an Ar matrix is presented in
Figure 3. This spectrum is well reproduced by the results of theoretical calculation carried
out at the DFT (B3LYP)/6-311++G(d,p) level for DAMN structure with C2 symmetry.

In the high-wavenumber region of the experimental spectrum, the bands due to anti-
symmetric stretching vibrations of the NH2 groups appear at 3470 and 3459 cm−1, whereas
the bands due to symmetric stretching vibrations of the NH2 groups appear at 3367 and
3362 cm−1. In the above descriptions, “antisymmetric” and “symmetric” terms refer to
local symmetry of each of the NH2 groups. The characteristic band due to the stretching
vibration of the triple C≡N bond appears at 2225 cm−1 in the spectral region free of any
other IR bands. Typically, the stretching modes of the triple C≡N bonds in nitriles give rise
to weak bands in IR spectra [34]. However, a relatively high IR intensity (103.7 km mol−1)
of the C≡N stretching mode in DAMN results from the antisymmetric coupling of stretch-
ing modes due to two nitrile groups. The other (symmetric) coupling gives rise to the
mode with much lower IR-intensity (12.8 km mol−1). Strong IR bands assigned to the NH2
scissoring vibrations are found in the experimental spectrum at 1640, 1620, and 1601 cm−1.
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A fingerprint pattern of the bands at 1357, 1295, and 1234 cm−1 is formed by three IR
absorptions due to the NH2 rocking vibrations coupled with the stretching vibrations of the
single C−N bonds. This pattern of three bands is very well reproduced by the theoretical
calculations. In the spectral range below 750 cm−1, there are significant discrepancies be-
tween the bands observed in the experimental spectrum and the pattern of bands predicted
by theoretical calculation carried out within the harmonic approximation. The reason for
that is the contribution of the NH2 vibrations in the inversional direction (together with the
C−C≡N bending vibrations) to the normal modes with frequencies lower than 750 cm−1.
The vibrational modes involving NH2 inversional movement are usually quite poorly
reproduced by the calculations performed within the harmonic approximation. Moreover,
the commonly used perturbational approach to correct for anharmonicity fails to help in
such cases.

Figure 3. (a) Infrared spectrum of 2,3-diaminomaleonitrile (DAMN) monomers isolated in an Ar
matrix at 12 K, compared with (b) theoretical IR spectrum of this compound computed at the DFT
(B3LYP)/6-311++G(d,p) level.

4.3. Photoproducts Generated upon UV Excitation of Matrix-Isolated DAMN

Monomers of DAMN isolated in an Ar matrix at 12 K were exposed to UV light of
different wavelengths, limited from the short-wavelength side by an appropriate cut-off
filter. Irradiation of matrix-isolated DAMN with UV light (λ > 360 nm or λ > 335 nm) did
not result in any photochemical transformations of the compound. Exposure of the matrix
to UV (λ > 320 nm) radiation induced a very slow decrease of the IR bands due to the
DAMN reactant and appearance of a set of new IR bands. The observed photochemical
changes were more vigorous when the matrix was exposed to UV (λ > 295 nm) light.

In the spectrum of the photoproduced species, the most appealing is the intense IR
absorption at 2026 cm−1 (Figure 4). The wavenumber of this band is characteristic of the
“antisymmetric” stretching vibration of the C=C=N fragment in the −C=C=N−H keten-
imine group [35–41]. The frequency of this vibration is well predicted by the theoretical
calculations carried out for the ketenimine tautomer of DAMN/DAFN. In addition, a high
IR intensity (605–535 km mol−1) was theoretically predicted in agreement with the experi-
mental observation. This suggests that ketenimine photoproduct was generated upon UV
excitation by hydrogen-atom transfer from an amino group to the nitrogen atom of one of
the C≡N groups. Another intense IR band appears in the spectrum of the photoproduced
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species at 906 cm−1. This band can be assigned to the bending of the C=N−H fragment
of the −C=C=N−H ketenimine group. A medium-intensity band found at 1572 cm−1 is
due to the stretching vibration of the C=N bond in the –C=NH imine group. The overall
agreement between the IR spectrum theoretically predicted for the ketenimine form of
DAMN/DAFN and the spectrum of the new IR bands appearing after UV irradiation
of matrix isolated DAMN confirms that the ketenimine tautomer is the main product
generated in this process.

Scheme 2. Structures of main isomers of ketenimine; (i) E/Z stands for the anti/syn orientations of
the imine group; (ii) t/c stands for the trans/cis configuration around the central CC bond (see text for
details). See Appendix B, Figure A2 for the optimized geometries, including the pairs of structures
with different orientations of the amino group.

Figure 4. (a) Infrared spectrum recorded after UV (λ > 295 nm) irradiation of DAMN monomers
isolated in an Ar matrix minus infrared spectrum recorded immediately after deposition of the matrix;
(b) Theoretical spectra of DAMN (blue) and ketenimine (red) Zt isomer (see Scheme 2) computed
at the DFT (B3LYP)/6-311++G(d,p) level. The intensities of the theoretical bands predicted for the
DAMN molecule were multiplied by −1.
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In all possible structures of the ketenimine form of DAMN/DAFN, the hydrogen
atom of the −C=C=N−H group always adopts a perpendicular orientation (designated
as a wedge NH bond in Scheme 2) with respect to the approximate plane of the heavy
atoms [42,43]. Apart from this, in the molecules adopting ketenimine tautomeric form,
there are three further degrees of conformational freedom: (i) flip of the N−H bond in
the −C=N−H imine group, which can assume Z or E orientation with respect to the
central C−C bond, (ii) torsion around the central C−C bond, which can assume trans or cis
orientation with respect to the position of the −NH2 and =NH groups, (iii) torsional (or
inversional) movements of hydrogen atoms in the −NH2 group (see Scheme 2).

Different orientation with respect to the (i) and (ii) degrees of freedom can give rise
to four different isomers/conformers of the molecule adopting the ketenimine tautomeric
form (see Appendix B, Figure A2). In each of these four structures, an easy tunneling of light
hydrogen atoms with respect to the (iii) degree of freedom should readily lead to collapse
of the higher-energy formal conformer to the lower-energy structure differing by torsion (or
inversion) of the hydrogen atoms in the −NH2 group. Therefore, under the experimental
conditions, the molecule in the ketenimine tautomeric form can adopt four different isomers.
The infrared bands appearing at 2055, 2030, and 2019 cm−1 as satellites of the most intense
band at 2026 cm−1 can be the spectral indications of different isomers/conformers of the
molecule adopting the ketenimine tautomeric form. Alternatively, the multiplet structure
of the ketenimine IR band appearing in the 2055–2019 cm−1 range may be attributed to
the site-splitting. Similar split bands of conformationally rigid ketenimines were reported
earlier [39,41,44].

Upon irradiation of an Ar matrix containing the DAMN monomers at wavelengths
from the 270 < λ < 320 nm range, a set of new IR bands emerged at 3528, 3488, 3430,
2219, 1622, 1574, 1458, 1439, 1375, 1247, 1184, and 1109 cm−1. The spectral positions of
these bands were compared with the positions of the bands observed in the spectrum of
4-amino-1H-imidazole-5-carbonitrile (AICN) monomers trapped (in a separate experiment)
from the gas phase into an Ar matrix. Very good match (Figure 5) of wavenumbers of the
IR bands observed in both experiments demonstrates that AICN was generated upon UV
excitation of DAMN.

AICN may adopt two tautomeric forms differing in the position of the hydrogen atom
attached to one of the imidazole ring nitrogen atoms. In the literature, there are discrep-
ancies regarding the nature of the AICN tautomer resulting from photo-transformations
of DAMN. In early and influential works of Ferris and co-authors [1,2,8–12,45], the AICN
tautomer is graphically presented as having the labile H-atom attached to the ring N-atom
vicinal to the amino group (see Figure 6c). In other works [46–48], the AICN tautomer
is graphically presented as having the labile H-atom attached to the ring N-atom vicinal
to the nitrile group (see Figure 6b). Therefore, it seemed to us instructive to verify the
tautomeric structure of AICN in the context of the present study, both experimentally
and computationally.

Comparison of the IR spectra theoretically computed for the two tautomeric forms
of AICN with the experimental spectrum of AICN monomers isolated in an Ar matrix
(Figure 6a) shows that the compound trapped from the gas phase adopts the lower-energy
structure with the labile hydrogen atom attached to the nitrogen atom vicinal to the nitrile
group. Thus, this tautomeric form was generated upon excitation of matrix-isolated DAMN
with UV (270 < λ < 320 nm) light.
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Figure 5. Experimental identification of AICN. (a) IR spectrum of AICN monomers trapped (in a
separate experiment) from the gas phase into an Ar matrix; (b) Difference spectrum: the spectrum
recorded after prolonged UV (λ > 295 nm) irradiation of matrix-isolated DAMN monomers minus
the spectrum recorded before that irradiation. In this difference spectrum, the positive bands are
due to photogenerated products and the negative bands are due to the consumed DAMN reactant.
Dashed lines between the spectra in the top and bottom frames connect the strongest bands of AICN
and their counterparts observed in the spectrum of products photogenerated from DAMN. Tilde
(top-right frame) indicates that the strongest IR band of AICN is truncated.

Figure 6. Comparison of (a) the experimental infrared spectrum of AICN monomers isolated in an
Ar matrix at 12 K with theoretical infrared spectra of two tautomers of the compound computed at
the DFT (B3LYP)/6-311++G(d,p) level: (b) 4-amino-1H-imidazole-5-carbonitrile, and (c) 5-amino-1H-
imidazole-4-carbonitrile.
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5. Discussion

The photochemical generation of ketenimine and AICN isomers was observed within
the current work to occur upon UV excitation of DAMN. It looks quite probable that these
photochemical processes should rely upon the generation of DAFN as an intermediate (see
Scheme 3).

Scheme 3. Photoinduced transformations of matrix-isolated DAMN molecules.

The photoinduced isomerizations about double bonds have been of particular in-
terest because they represent the simplest way of converting UV light into mechanical
motion [49,50]. The cis–trans photoisomerizations were experimentally observed [51–55],
and theoretically studied [55–58] for ethylene, stilbene, and azobenzene, where the iso-
mers differ by orientation of the substituents about double bonds. The role of conical
intersection of the ground and first excited states in the cis–trans photoisomerization is
discussed in the works of Minezawa and Gordon [59,60]. In the particular case of the
DAMN-to-DAFN transformation, the role of these conical intersections was theoretically
studied by Szabla et al. [61]. Valiev et al. pointed out the importance of anharmonic
effects for internal conversion between electronic states with the same spin multiplicity
when the molecule contains accepting X–H stretching modes with a vibrational energy
larger than 2000 cm−1 [62]. The alternative mechanism involving intersystem crossing
to the triplet states is discussed for the cis-trans photoisomerizations in the works of
Knuts et al. [63], Plachkevytch et al. [64], and Szabla et al. [61].

Koch and Rodehorst [65] carried out a quantitative investigation of the photochemical
conversion of DAMN into DAFN in methanol solution at 30 ◦C. Irradiation of DAMN with
RPR-3000 Å lamps through Pyrex glass led to formation of a photostationary ratio of 80% of
DAFN and 20% of DAMN [65]. However, it should be noted that under the matrix-isolation
conditions of the present study, in the course of irradiations of DAMN, the formation of
DAFN has not been verified. We previously studied UV-induced photochemical reactions
of six-membered heterocycles, such as α-pyrone [66] or its sulfur analogues [67]. Upon UV
irradiations of α-pyrone, we observed the ring-opening reactions leading to generation
of the conjugated aldehyde-ketene, O=CH−CH=CH−CH=C=O. Subsequently, for the
matrix-isolated conjugated aldehyde-ketene [66] as well as for its sulfur analogue [67], we
observed the Z-E isomerizations around the central C=C bond. As it was demonstrated
by using UV light filtered with different cut-off filters, the directions of the observed Z-E
isomerization photoprocesses are dependent on the wavelength of the incident UV light.
Here we should note that the molecules of aldehyde-ketene have a size similar to DAMN,
DAFN, or AICN. Therefore, the lack of observation of DAFN in the present work should
not be attributed to the spatial limitations induced by the cryogenic matrix, but rather to the
different UV-absorptions of the involved species. With this idea in mind, we computed the
lowest electronic singlet transitions of the relevant species and simulated their UV spectra,
presented in Figure 7.
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Figure 7. Simulated UV spectra of DAMN (red), DAFN (blue), ketenimine Zt and Et forms (brown
and green, respectively), as well as 4-amino-1H-imidazole-5-carbonitrile (AICN, black), obtained
from vertical transition energies determined by TD-DFT calculations at the B3LYP/6-311++G(d,p)
level. Each computed transition was convoluted with a Lorentzian function having an hwhm of
0.248 eV (2000 cm−1).

From the analysis of Figure 7, it immediately becomes clear why DAFN was not
observed in the present work. This species has the longest wavelength absorption compared
to any other isomer. Therefore, DAFN should be very photoreactive and will be consumed
by the UV-light (λ > 320 nm or λ > 295 nm) which is used to promote DAMN or ketenimine
to their electronically excited states. Analysis of Figure 7 also suggests that the ketenimine
Zt isomer has higher probability of being accumulated in the cryomatrix (rather than the Et
form, absorbing at longer wavelengths). In fact, it is the Zt isomer of ketenimine whose
computed IR spectrum (Figure 4) best reproduces the observed experimental IR spectrum
of the photoproduced ketenimine. The other isomer (Et) was not observed. Finally, the
computed UV-spectra explain why the five-membered ring isomer (AICN) accumulated
in the sample upon UV-irradiations at shorter wavelengths: it should be less affected by
the filtered UV-irradiation (λ > 295 nm or λ > 270 nm) that consumes DAMN and also
consumes the ketenimine at the more advanced stages of the experiment.

6. Conclusions

Experimental investigations carried out in the present work for matrix-isolated
monomers of DAMN (2,3-diamino-2-butenedinitrile) led to identification of two prod-
ucts generated upon UV irradiation of the compound.

One of these photoproducts (the ketenimine tautomer of the compound, Scheme 3) was
very reliably identified not only based on the characteristic ketenimine band appearing at
2026 cm−1 in the IR spectrum recorded after UV irradiation, but also on the basis of a good
agreement between the whole IR spectrum of the photogenerated product and the theoretical
spectrum predicted for the ketenimine tautomeric form. Moreover, the identification of the
other photoproduct (4-amino-1H-imidazole-5-carbonitrile, AICN, Scheme 3) is unquestionable.
All the strong and medium-strong bands present in the IR spectrum of AICN deposited from
the gas phase into an Ar matrix have their counterparts in the spectrum recorded after UV
irradiation of matrix-isolated sample containing DAMN and its isomeric ketenimine. The exact
match of wavenumbers of the bands in the spectrum of the authentic AICN matrix sample and
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the bands emerging upon UV irradiation of DAMN/ketenimine leaves no doubt about the
correctness of the identification of the AICN photoproduct.
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Appendix A. Structures of DAMN and DAFN

Figure A1. Optimized geometries of DAMN/DAFN. Top: DAMN (C2 symmetry). Bottom left:
DAFN (Ci symmetry). Bottom right: DAFN (C2 symmetry). Note: DAFN (Ci) differs from DAFN
(C2) only by a change in pyramidalization of one of the amino groups (see also Figure 2). Color codes:
blue—nitrogen, gray—carbon, white—hydrogen.
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Appendix B. Structures of the Ketenimine Tautomer of DAMN/DAFN

Figure A2. Optimized geometries of the ketenimine isomers. See Scheme 2 for the adopted E/Z and
c/t naming system. Symbols (a,b) stand for different orientations of the NH2 group, with all other
conformational parameters equal. In the (a,b) pairs, the (a) orientation is more stable than (b). Color
codes: blue—nitrogen, gray—carbon, white—hydrogen.
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