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Pyrrole (GHsN) was embedded in low-temperature solid inert matrixes (argon, xénen9 K) and both

the monomer and low-order aggregates characterized by FTIR spectroscopy. The spectroscopic studies were
complemented by extensive theoretical [DFT(B3LYP)/6-8315(d,p)] structural and vibrational studies carried

out for the monomer and their self-aggregates (up to four units). The calculated spectrum for monomeric
pyrrole fits well those obtained immediately after deposition (at 9 K) of diluted matrixes, which can be prepared
keeping the compound at low temperature before deposition and using low fluxes of the sublimate. Annealing
of the matrixes to higher temperatures or increasing of the gaseous flux during deposition leads to aggregation,
which can be easily recognized spectroscopically. On the basis of the theoretically predicted spectra for the
monomer, dimer, trimers, and tetramers of pyrrole, assignments were proposed for the experimentally observed
bands. It was also found that the formation of the hydrogen-bonded clusters shows a significant cooperativity
effect, which was studied in detail and could be related with several structural and spectroscopic parameters.
Infrared spectra of the pure solid compound at low temperatures in both amorphous and crystalline states

were also studied and interpreted.

Introduction

Pyrrole (GHsN) is a five-membered aromatic ring system
containing one nitrogen atom. The pyrrole moiety is one of the
ubiquitous heterocyclic structures throughout both the plant and

animal kingdoms, because it is a subunit of both the hemes and

the chlorophylls. The biosynthetically related vitamip & also

a tetrapyrrole, as are the animal and plant bile pigments.
Monopyrrolic natural products include porphobilinogen, the
precursor of all natural pyrrole pigments based on the porphyrin
or corrin nuclei, and a number of antibiotics, including the
tripyrrolic prodigiosins, which have an entirely different bio-
synthetic origint This widespread appearance of the pyrrole
moiety among biological molecules is mainly due to both its
facility to polymerize and capacity to form-N\H---sz hydrogen
bonds with neighboring moleculés’

The gaseous phase of pyrrole has been studied long time agq

by means of microwave spectroscéfyand electron diffrac-
tion.10Very interestingly, Wilcox and Goldstein, the authors of
the first microwave study on pyrrole (published in 1952), mainly
addressed the question of whether the pyrrole molecule is
completely coplanar or not (doubts existed at that time regarding
the precise position of the hydrogen atom bonded to the
nitrogertl). Subsequent microwave studies of pyrrole and some
of its isotopologues!? enabled researchers to answer af-
firmatively to this question and obtain the complete set of
geometrical parameters for the molecule. Rotational transitions
of the dimer were also identified in the microwave spectrum of
pyrrole, and a partial structure for that species was determfned.
The dimer was found to have an approximate T-shaped structure
the planes of the two pyrrole units forming an angle of 85.4
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with the nitrogen side of one ring directed to theelectron
system of the other ring, forming a-NH---z hydrogen bond.

High-quality structural calculations on pyrrole have been
centered essentially on the study of the monotfiei® Lower
level calculations on the pyrrole dimer have also been
reportec?*2° In agreement with the microwave dadfaand
contrarily to the benzene molecule whose potential energy
surface (PES) exhibits three different miniffa33 the theoreti-
cal studies lead to the conclusion that the pyrrole dimer has a
single T-shaped minimum on its PBSAt the DFT(B3LYP)/
6-31++G(d,p) level of theory the interplanar angle between
the two monomeric units was predicted to be c&. 1 our
knowledge, no calculations regarding pyrrole self-aggregates
of more than two units were performed.

The crystal structure of solid pyrrole was determined in 1997
by X-ray diffraction3* The crystal is orthorhombic, with four
molecules per unit cell and characterized by arHN--x
interaction between neighboring molecules. The strongest
intermolecular interaction found in the crystal closely resembles
that found for the gaseous phase dimer, with theHNbond
pointing almost directly at the midpoint of the<© bond and
intersecting the plane of the pyrrole ring at an angle ¢f &0
this point. The bond distances in the crystal were also found to
be comparable to those obtained by microwave spectroscopy
and predicted theoretically for the pyrrole monomer and
dimer_9,12,15,24

Experimental vibrational spectra of pyrrole have been reported
a long time agd>37 Although the first infrared spectrum was
published during the first decade of the 20th cenfiihe first
‘comprehensive work on the vibrational spectroscopy of pyrrole
was carried out in 1942 by Lord and Millé}.They published
infrared and Raman data and presented band assignments for
the compound and several deuterated isotopologuesD({N
C—D4 and—Ds) in the liquid state. Within the next two decades,

10.1021/jp048118f CCC: $27.50 © 2004 American Chemical Society
Published on Web 07/28/2004



6954 J. Phys. Chem. A, Vol. 108, No. 34, 2004 Gomez-Zavaglia and Fausto

the vapor phase, liquid, and solution (in GCIR spectra of Experimental and Computational Methods
pyrrole and isotopically substituted derivatives were studied by
Mirone and by Morcillo and Orz&41 The vibrational signature

of the compound was found to obey to the predictions made
based on aC,, symmetry geometry for the monom®r:3
Several empirical force fields were derived from these older
spectroscopic resultd-4> More recently, the vibrational spectra

Infrared Spectroscopy. Pyrrole was obtained in spectro-
scopic grade from Argos Organics (99% purity). The IR spectra
were collected on a Mattson (Infinity 60AR Series) Fourier
transform infrared spectrometer equipped with a deuterated
triglycine sulfate (DTGS) detector and a Ge/KBr beam splitter,

X . . " with 0.5 cnt! spectral resolution. Necessary modifications of
of pyrrole were investigated under different experimental o sample compartment of the spectrometer were made in order
conditions: gas phasé;*>">! pure liquid?*3435#%6 crystalline {5 accommodate the cryostat head and allow efficient removal
state’ jet cooled;*°%%% solution?*°® and adsorbed on metal 4t water and C@ vapors from the instrument by a stream of
surfaces and zeolité€5°In some of these spectroscopic studies, pretreated air.

the intgrpretation of. the experimental data_was supported by | the matrix isolation experiments, a glass vacuum system
theoretical calculations undertaken at dlfferent. levels of gnd standard manometric procedures were used to deposit the
theory?32449.50.5259n the recent years, the emphasis was put matrix gas (argon, N60; xenon, N45; both obtained from Air
on the study of anharmonicity and assignment of overtones a”dLiquid). Matrixes were prepared by codeposition, onto the
combination tone17,20:4751 cooled Csl substrate of the cryostat, of the matrix gas and pyrrole

Very interestingly, despite the previous extensive investigation placed in a specially designed doubly thermostatable Knudsen
of the vibrational spectra of pyrrole, this molecule has not been cellf? with shut-off possibility whose main component is a
studied by matrix isolation spectroscopy yet. The high tendency NUPRO SS-4BMRG needle valve. The temperature of the cell
of pyrrole to aggregate is, without any doubt, the main factor can be controlled separately in the valve nozzle and the sample
responsible for the difficulty in isolating the molecule in compartment, enabling a more precise control of the saturated
matrixes. Not surprisingly, among the simplest five-membered gas pressure over the liquid pyrrole and a better metering
aromatic heterocycles (pyrrole, furane, and thiophene) only function of the valve. Further details of the experimental setup
thiophene (the member that has the lowest tendency to ag-can be found in ref 62. All experiments were done based on an
gregate) has already been isolated in matr#tds.the matrix ~ APD Cryogenics close-cycle helium refrigeration system with
spectra, the effect of heterogeneous band broadening nearly2 DE-202A expander. The deposition temperature used was 9
vanishes in comparison with the condensed phase, and unlikeK for both argon and xenon matrixes. After depositing the
the gaseous state, the fine rotational structure is completelycompound, annealing experiments were perfornigd,(= 30
absent. Furthermore, unlike the solutions, it is in principle ©F 80 K for Arand Xe, respectively). _
possible to neglect the effect of an inert matrix environment on _ 1h€ low-temperature solid amorphous layer was prepared in
the structure of molecules. These factors result in a unique e Same way as the matrixes, but with the flux of matrix gas
narrowing of bands in vibrational spectra (usually down to a ¢t Off. The layer was then allowed to anneal at slowly
few tenths of a wavenumber), which makes it possible to detect Increasing temperature up to 180 K. IR spectra were collected
the band shifts of a few wavenumbers that are characteristic 4Uring this process every 320 K of temperature change.

for the finest changes of a sample’s structure. Moreover, because Comﬁ‘gm”?‘ M9e8thodqlqu. ﬁ”scalﬁ_ﬂat:gg_? welre lca_rried
the inert matrix only slightly affects the structure of isolated out with Gaussian 98 (revision 8)The calculations

molecules it is possible to compare directly matrix experimental ;Vgéfesizrtfeo(;rgidB%S&% thvsh'i[gr]eien'gﬁgaerzeéeercgg,rsls't{agigrf:'oer)‘fl
results and theoretically calculated spectra. In addition, by ; 9

controlling the deposition conditions and concentration of the change correctidfi and the Lee, Yang, Parr correlation func-

. . . tional 8 with the 6-313-+G(d,p) basis s€€ The level of theory
matrixes and by annealing of the matrixes at proper temperatures - . . - . .
- . : was selected taking into consideration the available information
it is possible to control the amount of aggregates present in the

matrixes. All th haracteristi f matrix isolation oS- on the good general quality of the B3LYP functional to deal
atrixes. All Inese charactenstics ol matrix 1So1ation SPECos- i, jnermolecular forces, in particular, hydrogen bondifig?
copy make it a very convenient method for investigating the

ST . . All structures were optimized using the geometry direct inver-
vibrational signature and aggregation processes of pyrrole.  ¢ion of the invariant subspace (GDIIS) mettadwith the

We have been developing a very efficient experimental TIGHT convergence criteria defined in Gaussian. Calculations
procedure for isolation in low-temperature matrixes of volatile were undertaken with and without symmetry constrains, all
compounds exhibiting great tendency to aggregate, which takescalculations converging to the symmetrical structures discussed
advantage of the doubly thermostatable cell developed in ourin detail in the next sections. For all calculated structures,
laboratory?2 This fact encouraged us to apply our approach to vibrational frequencies were calculated at the same level of
the study of monomeric pyrrole and its self-aggregates isolated theory and scaled down by a single factor (0.978) to correct
in low-temperature inert matrixes (Ar, Xe). The spectroscopic them for the effects of basis set limitations, neglected part of
studies were supported by extensive theoretical [DFT(B3LYP)/ electron correlation, and anharmonicity effects. The value of
6-311++G(d,p)] structural and vibrational studies of pyrrole the scaling factor has been chosen in consonance with previously
and their small aggregates (up to four units). This strategy reported calculations, performed at the same level of theory on
allowed us for the first time, not only to isolate pyrrole in other molecules containing first row elements and where
matrixes and assign the bands corresponding to the monomerH-bonding was found to play an important r&fe’0.72
but also to get a deeper insight into the vibrational spectroscopic  Corrections to calculated energies due to basis set superposi-
manifestations of the self-aggregates of pyrrole and the H- tion error (BSSE) were obtained by the full counterpoise
bonding in this molecular system. Since hydrogen bonds can procedure® For a complex betweeN molecules il > 2), the
be expected to be the main intermolecular forces involved in BSSE correction is described by the following equation
pyrrole aggregates, the importance of hydrogen bond cooper-
ativity on the stability of these species was here investigated in BSSEWN) = [EXDxi — ECON (1)
detail. i=T]
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Figure 1. DFT(B3LYP)/6-3H-+G(d,p)-calculated structures and dipole moments of pyrrole and its self-aggregates up to four pyrrole units.

where E(X))x represents the energy of molece using its Results and Discussion

own basis functions ar(X)y represents the energy of molecule Geometries and EnergiesFigure 1 depicts the geometries

Xi using the complete set of basis functions of the complex of gpq dipole moments of monomeric pyrrole and small self-
N molecules. In both cases, the geometries used were thoseyggregates up to four units. Calculated energies and geometries
calculated for a given molecule in the complex. are given in Tables 1 and 2.

Intermolecular stabilization energies @ K (AEn) were The monomer show€,, symmetry, whereas the dimer has
calculated using the supramolecular approach, which is de-Cs symmetry, with the interplanar angle between the two
scribed as the difference between the energy of the supra-monomeric units equal to 72.6In the case of the trimer, three
molecular aggregate and that of the isolated monomers, correctedlifferent structures were obtained: the lowest energy trimer has
for BSSE. Csn symmetry, being a cyclic structure where the angles between
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TABLE 1: DFT(B3LYP)/6-311++G(d,p) Energetic Data for the Monomer of Pyrrole and Small Self-Aggregates

[AE(N) + %C
number of BSSE+ AE(HB) [AE(HB)]
monomers ZPV  A(E(N) + ZPV corrected %C corrected %C
(N) E(N) BSSE E x 0.978 BSSE} E x 0.978] AE(HB)® by BSSE AHy(HB) [AE(HB)] by BSSE [AHo(HB)]
1 —551960.41 211.04
2 —1103934.90 1.63  424.66 —-4.10 -—12.47 -9.88
3 cyclic —1655928.38 4.89  640.34 —15.73 —14.10 —11.69 11.6 13.1 18.3
3 zigzag —1655911.26 3.41  637.98 15.63 13.26 —15.05 -—-13.34 —10.90 6.7 7.0 104
3 double —1655905.89 3.12  637.54 20.73 1793 —-12.35 -10.79 —-857 —124 —13.5 —13.3
T-shaped
4 cyclic —2207911.45 7.00 852.86 —17.48 —15.72 —13.54 23.9 26.0 37.0
4 zigzag —2207888.54 5.21 21.20 —15.63 —13.90 10.9 11.4
4 flaglike —2207900.33 6.48 10.65 —14.68 —13.06 4.1 4.7
4 triple —2207881.60 4.92 27.81 —13.33 —11.69 -5.4 -6.3
T-shaped

aEnergies in kJ mot; structures are depicted in FigurePIRelative values to the most stable structure of the sEnfeAE(HB) is the average
energy of H-bonding and corresponds to the binding ende@y)[— N x E(1)]/n(HB), whereE(N) is the energy of the clusteE(1) is the energy
of the monomer, and(HB) is the number of H-bonds in a given cluster.

TABLE 2: Experimental and Calculated [DFT(B3LYP)/6-311++G(d,p)] Geometries for Pyrrole and Their Most Stable Small
Aggregates

dimer trimer tetramer
monomer (T-shaped) (cyclic) (cyclic)
parameter expt calcd expth® calcd calcd calcd
Bond Lengths / pm

Ci=Cy; Cs=C3 138.2 137.7 1378 137.8& 138.1 138.1
C1—Ns; C4—Ns 137.0 137.5 1373 137.4 137.0 137.0
Ci1—H7; C4;—Hap 107.6 107.8 1078 107.8& 107.8 107.8
C—Cs 141.7 142.5 142% 142.F 142.0 142.7
Co—Hg; Cs—Ho 107.7 107.8 1079 107.9 107.9 107.9
Ns—He 99.6 100.6 1012 100.7 101.3 101.4
Reenters of mass 23.7 411.6 452.9 435.3 4571647.F
R(NH-+7) 252.0 248.7 237.0

Run 370.9 351.8 3879547.3

Bond Angles/ deg
C,—C31—Ns; C3—C4—Ns 107.7 107.7 1079 107.F 107.9 107.9
C,—C;—Hy7; C3—Cys—Hyo 130.8 131.1 131'0 131.r 131.0 131.0
Ns—C;—Hz7; Ns—Cs—Haio 121.5 121.3 12141 121.3 121.1 1211
C1—C,—C3; C,—C3—Cy 107.4 107.4 1073 107.4 107.3 107.2
C1—Cy—Hsg; C4—Cs—Hg 125.5 125.7 125%8 125.8 125.9 125.9
C3—Cy—Hg; C,—Cs—Ho 127.1 126.8 1269 126.9 126.9 126.9
C1—Ns—Cy 109.8 109.8 1097 109.9 109.8 109.8
C1—Ns—Hg; C4—Ns—Hg 125.1 1251 1252 125.0 125.0 125.1
inter-ring angle 55.4 71.6 60.0 90.0
Rotational Constants /MHz

A 9130.610 9142.755 2972.900 2972.460 571.817 290.412
B 9001.343 9021.615 721.608 631.951 570.538 290.412
C 4532.083 4540.891 674.113 594.236 351.176 166.254

2 See Figure 1 for atom numberingH-bond donor moleculée’. H-bond acceptor moleculé Adjacent rings® Opposed rings.

the H-bonded pyrrole units are 60;0the remaining two was undertaken in order to evaluate the possibility of the
structures belong to thesQzigzag) andC,, (distorted double existence of other structures corresponding to minima, with
T-shaped) symmetry point groups and have energies 13.3 anchegative results (for example, the—x stacked structures
17.9 kJ mot? higher than the most stable form, respectively converge to the T-shaped minimum, while the structure with
(reported energies were corrected for zero-point vibrational the two N—H groups antiparallel was found to correspond to a
energy; see Table 1). The tetramer may exist in four geometries,second-order saddle point, with an energy higher than the
from which the most stable is the four-membered cyclic structure minimum by ca. 4 kJ mol). According to the calculations made
with C4n symmetry (in this case, the inter-ring angle is’P0 in the present work, the dimer of pyrrole has a distance between
The other forms (flaglike, zigzag, and distorted triple T-shaped) the centers of mass of the monomers of 452.9 pm, in fairly
correspond to species that can be considered as being directhgood agreement with the value estimated from experiment
derived from the three trimers (cyclic, zigzag, and T-shaped, (411.6 pm?3). The good general agreement between the experi-
respectively) by addition of one pyrrole molecule (see Figure 1 mental and calculated geometries of the dimer (Table 2) is also
for details). The relative energies of these higher energy reflected in the relatively good reproduction by the calculations
tetramers are 10.6, 21.2, and 27.8 kJ miptespectively. of the observed rotational constants for this species (calculated
For the dimer, the observation of a single minimum on the A = 2972.460,B = 631.951,C = 594.236 MHz, vs experi-
DFT potential energy surface is in consonance with the mentalA = 2972.900B = 721.608,C = 674.113 MHz).
experimental evidence obtained by microwave spectrostopy. For both the trimer and tetramer of pyrrole, there are no
Careful inspection of the potential energy surface of the dimer available experimental data. In addition, these species were not
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the subject of any previous theoretical study. For these ag- l1a
gregates, the cyclic structures appear as the most stable species ve 1l
due to the fact that all units of pyrrole are interconnected and 101.4-] VEL ';
can establish as many H-bonds as possible both as donor or ‘
single-acceptor species. In all the other possible geometries,
some of the units of pyrrole do not have their H-bond donor or 1 ve Xzz _1‘3 FL ;%
single-acceptor capabilities satisfied (see Figure 1), thus justify- iz e AZZ ﬂ\
ing their higher relative energies. 101.2-] * VLAY

The H-bond nature of the N+t intermolecular interaction  azz Y
: . e AZZ ‘
in the aggregates of pyrrole is clearly revealed by the directional | OTS s ,\
preference shown by this interaction, pointing to the middle of ¢ oTS' )
the G—C,4 bond of the acceptor molecule, as well as by the 3 viL 2
significantly largerR(N—H) distance in the donor molecules é 10104 0TS )

when compared to the monomer. Figure 2 compares the- oTS s
individual R(N—H) calculated distances for each studied species §, "
and correlates thR(N—H) H-bonded average distance with the
calculated energy per H-bond (corrected by BSSE) for the
different aggregates. From this figure, the following main

conclusions can be drawn: ors g OTS e
(a) TheR(N—H) distance in the hydrogen bonded acceptor 1 _ Azz. D> DZZ I
molecules of the aggregates is slightly longer than that found oTs I :

in the monomer. When a molecule acts as a double H-bond
acceptor, thaR(N—H) distance increases a little bit more than
when it is a single H-bond acceptor. As mentioned before, the
H-bonds point to the £&-C3 bond of the acceptor molecule, T T T T
being favored by an increased electron density in this bond. In ’ ! : ’ !
turn, this increase of electron density in the-C3 bond requires

that electrons be withdrawn from the opposite side of the 7
molecule, including the NH bond, thus justifying the observa- 164 b
tions.

(b) In H-bond donor molecules, thB(N—H) distance is
significantly longer than in the monomer. When a molecule acts
simultaneously as an-NH bond donor and acceptor, tREN—

H) distance attains its maximum value. This is particularly
evident in the case of the cyclic trimer and tetramer, but does
also occur for the central molecules of the zigzag trimer and
tetramer and for the two molecules of the flaglike tetramer that
are single H-bond acceptor species. On the other hand, when
two H-bonds are established to the same acceptor molecule,
the R(N—H) bond lengths of the donors assume values that are @ 11 | y=10.8x - 1082.3
between those of the monomer and of a single H-bonded donor 7 | 3TS R = 0.969
molecule. Hence, on one side these results point to H-bond
cooperative effects in cyclic and chain (like zigzag) aggregates, 1009 1010 1014 1012 1013 1014
leading to stronger H-bonds, while, on the other, they show )

that when two H-bonds are formed with the same acceptor R(N-H) distance / pm

molecule, the two bonds compete with each other, leading to Figure 2. (a) RIN—H) distance as a function of the cluster size. Squares
weaker H-bonds. These conclusions are clearly revealed in the'®Present cyclic structures (C); up triangles, zigzag structures (ZZ);
relative values of the calculated enthalpies of H-bonding (per circles, T-shaped structures (TS); down triangles, flaglike structures

. . (FL). Filled symbols represent H-donor units, nonfilled symbols
H-bond) for the dimer £9.88 kJ mot*), which shall be here yoresent H-acceptor units, and half-filed symbols represent units acting

considered the reference value for an H-bond in pyrrole self- as hoth acceptor and donor species. The specific unit(s) associated with
aggregates, cyclic trimer(11.69 kJ mot?), which reflects the a given distance value is(are) represented in the pictorial drawing of
strengthening of the H-bond due to cooperativity, and double the molecular aggregates by the solid arrow(s). In each unit, thid N
T-shaped trimer£8.57 kJ mot?), where the two H-bonds are ~ group is indicated by the end of the arrow. (b) Correlation between

: : —AE(HB) (including BSSE correction) and tHgN—H) distance for
formed with the same acceptor molecule and compete with eachaII the structures analyzed (€ cyclic, TS= T-shaped, ZZ- zigzag,
other (see Table 1).

FL = flaglike). The numbers in the symbol legend represent the number
(c) Cooperativity effects are particularly evident in the fact of units taking part of the aggregate.

that the strength of the H-bonds, as revealed by IRjN—H)

distances (Figure 2) and energies of H-bonding per H-bond (seecooperativity can be quantitatively measured from the DFT-
Table 1), is substantially higher in the cyclic tetramer than in calculated energies per hydrogen bond, which are obtained by
the cyclic trimer (the same can be stated for the correspondingdividing the binding energy (the difference between the energy
zigzag species). Indeed, the cooperative effect in pyrrole self- of a cluster and the total energy of their constituting units) by
aggregates can just be described as the enhancement in ththe number of hydrogen bonds present in the cluster (Table 1).
strength of the H-bond interactions arising from the pyrrole units The deviation of the average bond energy obtained in this way
participating in more than one H-bond. Hence, the H-bond from that calculated for the dimer (which has only an H-bond

100.6 ot

number of units

-1

HB) corrected by BSSE / kJ mol
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] with a given distance value (both donor and acceptor molecule) are
oTS represented in the pictorial drawing of the molecular aggregates by
T i T ! T ! solid arrows. In each unit, the-\H group is indicated by the end of
2 3 4 the arrow.
cluster size

the weakening contribution associated with the H-bonds involv-
Figure 3. (a) Plot showing the H-bond cooperative enhancement in iNg the same acceptor molecule.
the self-aggregates of pyrrole of three and four units (see Table 1 for (d) Finally, the close relationship between tREN—H)
details). (b) Correlation betweerAE(HB) (including BSSE correction)  distances and the strengths of the H-bonds in the different
and the cluster size. species are also clearly shown in the correlation shown in Figure
2b between the average value of tiRéN—H) H-bonded

and, consequently, has a binding energy that is coincident with gisiances in a given aggregate and the corresponding calculated
the energy per H-bond) indicates the extent of H-bond coop- H_pond energy per H-bond (see also Table 1).

erativity or H-bond cooperative enhancemef €xpressed in BesidesR(N—H), other structural parameters, such as the
percentage in Table 1). Figure 3 displays graphically the relevant giyH...7) hydrogen bond distance, can also be used as
data to look at the cooperative enhancement in the differentjngicators of the strength of the intermolecular H-bonds in
aggregates studied. As could be expected, cooperativity is morepyrole aggregates (Figure 4). As expected, among the species
important for cyclic aggregates, and among them, it increasessdied, theR(NH-++x) attains its minimum value for the cyclic
with the number of units. The cooperative enhancement tetramer (237 pm). In the case of all H-bonded molecules acting
(estimated on the basis d&fHy(HB); see Table 1 and Figure  simultaneously as acceptors and donors to a molecule that
3a) for the cyclic tetramer is as large as 37%, i.e., nearly twice accepts a single H-bon&(NH-++7) stays within the 243249

the equivalent value obtained for the cyclic trimer. Note that pm range (see Figure 4a), whereas this distance is between 249
zero-point vibrational energy contributions are relevant to gnd 254 pm for molecules that act only as H-bond donors.
cooperativity enhancement values reported in Table 1 (and Finally, also in consonance with the results obtained from the
Figure 3a), while BSSE corrections were not found to be so analysis of theR(N—H) bond length, thdk(NH-+-x7) hydrogen
important (testifying the adequacy of the basis set used in the bond distances in the molecules connected to an acceptor which
calculations). Zigzag aggregates do also exhibit important is involved in two hydrogen bonds are (with a single exception)
H-bond cooperative enhancements, while in the T-shapedlonger than 255 pm, clearly revealing once again the weaker
structures the cooperativity does not exist at all. On the contrary, character of the H-bond interaction in these cases.

in the T-shaped aggregates H-bonding is dominated by the R(NH---x) can also be used to compare the H-bond strength
competitive effect of the H-bonds established with the same in the pyrrole dimer and other H-bonded dimers involving
acceptor molecule that considerably weakens the interaction SONH--+sz hydrogen bonding. ThB(NH-+-7) distance in the most
that, on average, the H-bond strength is lower than in the dimer stable pyrrole-indole, indole-indole and indole-pyrrole dimers

(see Figure 3b) and the Govalues are negative. The flaglike  (first molecule corresponds to the donor molecule) were found
tetramer shows a small global cooperative enhancement, as @0 be 256.4, 271.2, and 252.1 pm, respecti¢eRp, thus
result of the opposite effects of the cooperativity associated with indicating that the H-bond is stronger in the pyrrole dimer
the H-bonds involving single H-bond acceptor molecules and [R(NH---z) equal to 252.0 pm which is the DFT(B3LYP)/
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temperature inert matrix. This inconvenience was solved by
A7z N using the doubly thermostatable cell developed in our labora-
1100 o5 iy tory 82 with a 2:1 water/acetone mixture as substance cooler and
the valve nozzle kept at room temperature. Figure 6 shows the
IR spectra obtained for the matrix-isolated compound in both
1000 argon and xenon matrixes (deposition temperature: 9 K),
obtained using this procedure. The DFT-calculated spectrum
. _ of the monomer is also shown in Figure 6 for comparison.
900 ® 15\ Qs A R The 24 vibrations of pyrrole&, point group) span the
irreducible representation 9A+ 3A, + 8B; + 4B,, with all
but the three Amodes being active in the infrared and all modes
being active in Raman. Since all bands are expected to occur
— above 450 cmt, all 21 IR active modes could in principle be
\A «—T - observed under the experimental conditions used in this study.
00 Az :TZSZ _fj‘} e As can be observed in Figure 6, the calculated spectrum for
A the monomer fits nicely the most prominent bands in the
me L} experimental spectra. The assignment of the experimental
spectra is presented in Table 3, where the approximate descrip-
tions of vibrational modes adopted are similar to those previ-
ously used by Xie et &’

The spectra obtained & K in both rare gases are dominated
- by three very strong bands at ca. 3520, 720, and 480'cm
®T1s ez 15 o '%»«" which are assigned to theN—H, yC—H sym, andyN—H
mc FiLwx vibrations. BothwyN—H andyN—H are well-localized vibrations
that have been shown to be quite sensitive to H-bontifidne
yC—H out-of-plane ring modes are also well-known to be
sensitive probes of intermolecular interactions and packing.
number of units These three spectral regions will then be considered in deeper

Figure 5. Distances among the centers of mass as a function of the detail Iat.er on in th|§ paper to I.nvelstlgate. pyrrole self-
cluster size. Symbols follow the same criterion as in Figures 2a and 4. @dgregation. ThéN—H in-plane bending is considerably more
The specific units associated with a given distance value are representedielocalized than bothiN—H andyN—H,52 appearing at ca. 1135
in the pictorial drawing of the molecular aggregates by solid arrows. cm™L. The assignments for the remaining vibrations closely
In each unit, the NH group is indicated by the end of the arrow.  follow those reported previously for the compound in the
*TS: all distances between centers of mass of vicinal molecules stay gaseous pha$tand are also in good agreement with the

within the 448-459 pm range. **ZZ: all distances between centers of . ‘g . .
mass of vicinal molecules stay within the 45460 pm range. ***FL: tmhgg;eﬂ(;?(la.predlctlons. Despite this, a few comments shall be

all distances between centers of mass of vicinal molecules stay within
the 436-446 pm range. (a) As previously found for the compound in the gaseous

phase’® a large number of overtones and combination bands

6-311++G(d,p)-calculated value obtained in this study. The were observed in the spectra of the matrix-isolated molecule. It
R(NH---7) distance that has been obtained at the same level ofshall be stressed that our observations fully confirm the
theory as the above-mentioned distances for the other dimersassignments of these bands made by Klotz éfah particular,
[DFT(B3LYP)/6-314-+G(d,p)] is 247.5 pn#? i.e., still a bit all gas-phase bands assigned by those authors to subtractive
shorter than the value obtained in the present study.] Interest-combination bands and hot bands could not be observed in the
ingly, the H-bond is stronger when pyrrole acts as the acceptor matrix-isolated compound, as expected.
and indole as the donor, thus correlating well with th&'s of (b) When compared with the spectra obtained in argon
the donor (for pyrrole, the K is 23.0, while for indole it is matrixes, the spectra of the compound isolated in xenon exhibit
21.0% and indicating a better ability of pyrrole to act as an more pronounced band splitting due to matrix-site effects and
H-bond s acceptor when compared with indole. show systematically broader bands (see Figure 6 and Table 3).

The distances between the centers of mass of the moleculesThese results can be correlated with a larger inhomogeneity of
constituting the different clusters (Figure 5) can also provide the local environment around pyrrole molecules in the xenon
useful information about geometrical preferences of the mon- matrixes and do also seem to indicate that the pyrrole molecules
omeric units in the different aggregates. The main conclusion perturb to a larger extent the packing of xenon atoms, compared
that can be extracted from Figure 5 is that in all aggregates theto argon.
distances between the centers of mass between neighboring (c) The structured band observed around 980%im argon)
molecules are identical to that found in the dimer (452.9 pm), is assigned to the first overtone of thidl—H vibration, in all
ranging from 430 to 460 pm, while for molecules separated by probability taking part in a Fermi resonance interaction with
one unit the distances spray through a larger range of valuesthe 5C—H asymmetric mode which also gives rise to the band
(650-940 pm). In the last case, the largest distances occur for observed at 1017.2 cth Compared to the gas phase, tié—H
H-bond donor molecules bound to a common acceptor molecule,mode appears blue shifted by ca. 10énn the argon matrix
as a consequence of both the nearly antiparallel alignment ofspectrum. The observed shift in the fundamental mode thus
the molecules and the weakest H-bonds found in these casescorrelates well with the frequency shift found in the overtone

Vibrational Spectra for the Matrix-Isolated Compound. upon going from the gas-phase to the matrix isolation spectra
As mentioned in the Introduction, the high tendency of pyrrole (ca. 20 cnt?). In addition, also in agreement with the gas-phase
to aggregate is the main difficulty for its isolation in a low- results? theyN—H mode is now shown to present a consider-
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Figure 6. Infrared spectra of pyrrole: (a) isolated in a xenon matfix5( 9 K); (b) isolated in an argon matrix (= 9 K); (c) DFT(B3LYP)/6-
311++G(d,p)-calculated spectrum for the monomer. Bands due to traces of dimers are indicated by the letter D. FR refers to Fermi resonance
doublets. Bands corresponding to overtones and combination bands are marked with an ajtétiste the break in the vertical scales.
able negative anharmonicity also in the case of the matrix- represented by the shoulder at ca. 3510%amd features around
isolated compound. 3410-3420 cnt?, which are due to the’N—H stretching

The change in the matrix concentration and annealing of the vibrations of the “free” and H-bonded-\H groups, belonging
matrixes yield qualitatively similar results, with bands due to to the H-bond acceptor and donor molecule, respectively. At
aggregates of pyrrole becoming noticeable in the spectra. Figurehigher concentrations, bands due to higher aggregates appear
7 shows the dependence with the concentration of the matrixin the spectra at frequencies lower than those corresponding to
of the most relevant spectral regions (results obtained in argonthe dimer. The slightly lowewN—H stretching frequency
were selected for presentation due to the fact that the bands arebserved for the acceptor molecule in the dimer when compared
narrower than in xenon and, as referred to above, less importantwith the monomer is in consonance with the structural results
site splitting occurs). In this figure, the calculated spectra of that indicated that the participation of a pyrrole molecule as an
pyrrole and of its self-aggregates are shown for comparison (for H-bond acceptor decreases the electron density of thél N
both the trimer and tetramer only the spectra of the more stablebond, increasing the NH bond length and reducing its
cyclic structures are presented, since the relative energies ofstretching frequency. On the other hand, the H-bond enthalpy
the other aggregates are high enough to prevent its populationin the dimer can be estimated from the difference in the
from being comparatively important in a low-temperature frequencies of the monomer and H-bond donor molecule in the
matrix). dimer using the logansen’s correlati®h(AH)? = 1.92Av —

In the vN—H stretching region (Figure 7a), the spectrum of 40), whereAH is expressed in kJ mol. The value obtained
the less-concentrated matrix shows already traces of the dimer from this empirical correlation;11.45 kJ mot?, correlates well
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TABLE 3: Experimental and Calculated [DFT (B3LYP)/6-311++G(d,p)] Wavenumbers and Intensities for the Monomer of
Pyrrole2

approximate experimental (Ar matrix) experimental (Xe matrix) calculated

description symmetry vaptr wavenumber intensity wavenumber intensity wavenufmbaértensity
vN—H Ay 3530.6  3523.0/3520.8 SIS 3504.6/3500.6/3499.1 S/S/S 3592.8 68.3
vC—H gym A1 n.o. n.o 3192.2 <0.1
vC—H s B 3143.0 ~3134.8 w 3186.8 24
vC—H sym Ay 3127.8 ~3119.4 w 3170.7 3.3
YC—H 4 B 3118.4 3109.8 w 3159.4 3.0
yC—H (A + 6C—H (B1) B, 1740.7 1730.9 w
2 x yC—H (Ay) A1 1726.4 17219 w 1719.1 w
yC—H (Az) + yC—H (By) B 1688.6 1684.8 w 1681.8 w
yC—H (A2) + yC—H (A2) Ay 1556.8 1556.8 w 1555.9 w
}/C—H (Bz) + ’}/C—H (Bz) or Aq
0C—H (A1) + yN—H (B>) B, 1547.1 1545.6 w 1545.7/1543.3 wiw
vC=C 4 B: 1542.0 1539.1 w 1537.8/1536.1 wiw 1536.8 2.1
yC—H (A,) + yC—H (By) B 1518.2 1521.0/1518.8/1517.6 wiw/w 1517.3 w
O0C—N—C (A1) + 7ring sym (B2) B, 1504.6  1505.7 w
[yC—H (A2) + 7 ring as(A2)]/ Ay 1480.5 14795 w 1477.3 w
vC=CgmFR
vC=Csym/ Az 1471.7 1472.7/1471.0/1469.8 wiw/w 1471.1/1468.8 wiw 1461.8 10.9
[yC—H (A3) + 7 ringas (A2)] FR
2 x yC—H (By) A1 n.o. 1450.2 w ~1448.7 w
YC—N 4 B 1424.2 1425.8/1423.5 m/m 1425.0/1421.3 m/m 1416.8 7.8
vC—C (Ay)/ A 1400.8 1401.9 w 1400.8 w 1382.8 3.8
2 x yC—H (A FR
2 x yC—H (Ay)/ A1 1380.6 1382.6 w 1381.1 w
vC—C (A1) FR
71ing as(A2) + yC—H (Ay) A1 1304.0 13123 w 1312.7 w
OC—H 4 B: 1288.4 1286.6 w 1286.0/1284.4 wiw 1279.1 0.9
breathing A 1148.1 1149.0 w 1146.6 w 1145.0 2.3
ON—Hp B 11341 1136.7 w 1133.9 w 1132.1 2.3
0C—H gym Aq 1074.4 1076.2 m 1074.6 m 1066.3 10.0
O0C—Has B 1049.2 1048.5 m 1047.7/1046.7 m/m 1042.0 30.1
OC—H synf A1 1017.2 1017.2 m 1023.5/1018.9/1016.4 m/m/m 1009.7 34.1
2 x yN—H (B, FR
2 x yN—H (By)/ Ay 962.1 995.9/977.9/976.0/974.3  w/w/w/w 993.0/980.7 m/m
0C—Hgm (A1) FR
0C—N—-C AL 881.5 881.0 w 880.2 w 880.5 0.4
0C—C—C 4 B 865.6 865.3 w 864.4 w 860.8 1.8
yC—Has Az (864.1y n.o. n.o. 864.3 0.0
yC—Hgym B, 826.7 826.6/825.0 wiw 824.9 w 815.5 1.6
yC—Hgym B, 722.0 725.4/721.9 SIS 722.3/721.3 SIS 709.3 169.7
yC—H as Az (692.2F n.o. n.o. 673.2 0.0
71iNg sym B, n.o. n.o. n.o. 622.1 <0.1
TriNg as A, (613.6f n.o. n.o. 613.5 0.0
yN—H B, 474.4 483.7/483.0/481.9 S/S/S 493.6/491.6/488.5/485.6/483.4  S/S/S/IS/IS 468.8 78.9

aWavenumbers in cnt, calculated intensities in km mdl v, stretchingp, in-plane bendingy, out-of-plane bending;, torsion; sym, symmetric;
as, asymmetric; ip, in-plane; S, strong; m, medium; w, weak; FR, Fermi resonance; n.o., not osecaézt] by 0.978 Determined from difference
bands'®

with the theoretical value presented in Table 1 (9.88 kJ Aol The good prediction of the shifts due to aggregation by the
For the trimer and tetramer, the correlation yieldd equal to theoretical calculations is particularly noticeable in the case of
—12.84 and—14.12 kJ mot?l, respectively, also in good the modes appearing in the 1200000 cnT! spectral range
agreement with the results predicted by the theoretical calcula-(see Figure 7c). All three vibrations absorbing in this region
tions presented in Table +-01.69 and—13.54 kJ mot?). are 6C—H bending modes, and the calculations predicted that
In the 1306-1100 cnt! spectral region the monomer gives the two higher frequency bands should blue shift slightly, while
rise to three spectral features, thé—H asymmetric bending  the low-frequency mode should experience a very small red
mode where all €H bonds bend in the same direction, the shift. It is noteworthy that the experimental observations fully
ON—H in-plane bending vibration, and the breathing mode, confirm these predictions.
which appear at 1286.6, 1149.0, and 1136.7 mespectively. The expected frequency changes upon aggregation are
In the spectra of the concentrated matrixes, the bands due topredicted to be substantially larger in the case of the bands
the aggregates emerged: th€—H mode as a new band at appearing in the lower frequency regions (below 900 m
1267 cmt that, in consonance with the theoretical predictions Figure 7d-f). In the case of theyC—H symmetric mode,
shall contain contributions from dimer, trimer, and tetramer, which in the monomer absorbs at around 825 &nthe
and the two lower frequency modes as overlapped bandscalculations predicted considerable blue shifts (ca. 20%cfor
covering the spectral range of 1148140 cn1?! (see Figure 7b  the units in the aggregates that act as H-bond donors, in per-
and Table 4). It is interesting to note that the calculations do fect agreement with the experimental observations (see
not predict any substantial red shift in the frequency of the Figure 7d). Also in agreement with the calculations, the
0C—H mode upon aggregation, while the experimental results frequency of theyC—H mode originating in the H-bond
show a red shift of ca. 20 cm, indicating that this vibration acceptor molecule in the dimer (826 th was found to be
seem to be particularly sensitive to effects of interactions with nearly the same as in the monomer. A similar situation occurs
the matrix. On the other hand, the small observed shifts upon in the case of the secondC—H symmetric vibration occurring
aggregation in both the breathing addl—H in-plane modes as a doublet of bands at ca. 720 @nin the monomer (see
are well predicted by the calculations. Figure 7e).



Gomez-Zavaglia and Fausto

6962 J. Phys. Chem. A, Vol. 108, No. 34, 2004

1200
Wavenumber/cm-

s
2
s
4
B
5
=
._soawmoa X m 55 m
matrix concentration EEEE
E5E 8
|
i
8 |
s
Increased m 5 B
matrix concentration hd m -
5
SEEE
ESE R
|
i
i
i
i —
3
3
3
3
S
2
s

0.6
0.5

aaueqIOSqy

0.2

0.1

(suun Asenique)
saljisuaju| eAneley

1100

1300

3200

3400

3600

Wavenumber / cm-

Increased
matrix concentration

5
5
o}
mrﬂm
£ 2 8
SEEE
EZE 2

Bll.l)

900

1
|
i
UONEIUIIUOD XLIjRU
paseazouf

=
S

asueqiosqy

1000

1100

.
g 5
255§
SEEE
E5E 8

(syun fieniqae)
sanIsuau| aAne|dY

1000

1100

Wavenumber/cm-

Wavenumber/cm-



Self-Aggregation in Pyrrole J. Phys. Chem. A, Vol. 108, No. 34, 2008963

; -
— i L —
~ !
N A I

0.4+ !

f

Increased
matrix concentration

0.8

UonNenuUAdUOI Xew
pasealou]

0.6

0.3

Absorbance

0.4

0.24

800

monomer ——— monomer
- dimer e dimer

------- trimer --------- trimer

~r=r= tetramer ~ToTT tetramer

Relative Intensities
(arbitrary units)

800 700 600 500
Wavenumber/cm-! Wavenumber/cm-!

Figure 7. Experimental spectra of matrix-isolated pyrrole in argon matrixes obtained immediately after depdsiti@k) for different pyrrole/

matrix ratios and calculated spectra for the monomer, dimer, and most stable trimer and tetramer. In the calculated spectra, the bandwidth of the
Gaussian functions used to simulate the spectrum of the monomer (021 was chosen to be narrower than those used to simulate the spectra

of the aggregates (0.5 cr), in order to enable an easier graphical comparison with the experimental data. Hence, the relative peak intensities are
not comparable. However, the relative integral intensities were kept as they were obtained in the calculations and are directly comparable. (a)
3600-3200 cn1t region. (b) 1306-1100 cn1? region. (c) 1108-1000 cm? region. (d) 906-800 cn1? region. (e) 806-700 cm? region. (f)

700—-400 cn1? region.

As already mentioned, theN—H mode could also be It was found® that the red shift of theN—H stretching mode
expected to be a good spectroscopic probe of the H-bonding indue to H-bond formation and the blue shift of the corresponding
pyrrole aggregates. The relevant spectral region is displayed inyN—H band correlate to each other a&){N—H)]2 = 2.5
Figure 7f for spectra obtained from matrixes with different [Av(N—H)]¥2 — 18, where Ay(N—H)]2 = 104 [y(N—H)2 —
concentrations of pyrrole. The frequency of this mode in the y,(N—H)3, y,(N—H) is the yN—H observed wavenumber of
monomer was found to be ca. 483 chgin argon), i.e., slightly the monomer, and\v(N—H) is the red shift of thevN—H
larger than that found in the gas phase (474.4%t§. The stretching band. With the use of this empirical relationship, the
blue shift observed upon changing from the gas-phase to theyN—H frequencies of the donor molecules in the different
matrix-isolated compound clearly reveals that the matrix packing aggregates were estimated from the observed red shift$-eH
forces make more difficult the out-of-the-plane movement of as being 560 cmt (dimer), 577 cm? (trimer), and 594 cm!
the N—H hydrogen atom (i.e., as expected, increase the force (tetramer). The observed bands are centered at 560, 570, and
constant associated with this vibration). In the dimer, the “free” 590 cntl, respectively (the DFT-calculated frequencies are
N—H group of the H-bond acceptor molecule is predicted by 562.1, 579.5, and 583.4 cr see also Figure 7f and Table 4).
the calculations to give rise tojaN—H vibration blue shifted Vibrational Spectra of the Pure Compound at Low
by ca. 40 cml. The experimental value was found to be 30 Temperature. As described in the experimental section, pure
cmL, in relatively good agreement with the theoretical predic- pyrrole vapor was deposited onto the cold substrate of the
tions. Note that the ca. 10 crh difference between the  cryostat, in order to obtain an amorphous film of the compound.
theoretical and observed shifts results essentially from the The sample was then annealed up to a temperature above the
difference between the frequency of the matrix-isolated mono- glass transition, leading to the crystalline phase. Figure 8 shows
mer and that of the monomer in vacuum (or in the gas phase).the spectra collected immediately after deposition of the solid
Then, the calculations seem to take into due account the directlayer of pyrrole (amorphous state), in a stage where the
effects of the dimerization on theN—H frequency of the crystallization has taken place partially and after complete
H-bond acceptor molecule in the dimer. The blue shifts due to crystallization of the compound.
the H-bonding in the H-bond donor molecules in the aggregates To the best of our knowledge, no data have been reported
were predicted to be much larger (greater than ca. 100Ycm  previously for the low-temperature amorphous phase and only
and reflect the relative strengths of the hydrogen bonds in the Loisel and Lorenzelli, in 1967, reported IR data on the
different aggregates, increasing with the size of the aggregate.crystalline phase of pyrrole at 77 ®.Table 5 shows the
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TABLE 4: Experimental and Calculated [DFT (B3LYP)/6-311++G(d,p)] Wavenumbers and Intensities for the Different
Aggregates of Pyrrolé

experimental calculated
approximate  type of wavenumber dimerQy) trimer (cyclic; Capn) tetramer (cyclicCan)
description aggregate  Armatrix ~ Xe matrix ~wavenumber intensity wavenumbér intensity wavenumbér intensity
vN—H D 3510 3588.0 (A 76.0
D 3418/3409 3523.3 (A 329.6
T 3396 3495.0 (B 959.7
Tet, H 3378 3475.1 (E) 1879.8
vC=C 4 D 1533 1537.5 (A) 0.9
D 1528 1530.7 (&) 3.4
T, Tet 1520 1521.8 (A 5.2 1521.4 (A) 6.5
OC—H 4 Agr 1267 1280.0 (A) 0.6 1280.1 (A) 0.2 1279.5 (A) 1.7
1278.9 (A") 0.7 1279.5(B 1.0
breathing Tet 1148 1146.0 (R) 1.4
T 1146 1145.7 (B 2.6
) 1142 1146.4 (A 0.8
1144.5 (A) 2.3
ON—Hj, D 1140 1135.7 (R) 15
1131.9 (A") 0.7
0C—Hgym Agr 1079 1083 1068.9 (A 8.7 1071.4 (A) 4.6 1070.6 (B 59.2
1081 1067.2 (A 15.1 1070.8 (B 35.0
OC—H 4 Agr 1049 1051 10435 (A 42.3 1043.7 (K) 53.3 1043.8 (A) 69.3
1050 1041.2 (A) 4.7 1040.7 (B 0.4
OC—H sym Agr 1016 1015 1010.3 (A 24.4 1010.7 (A) 45 1009.9 (B 111.2
986 1009.9 (A 38.3 1009.6 (B 79.4
0C—N-C Ag 883 882 881.4 (A 0.2 880.1 (B 1.0 880.0 (B) 5.2
879.6 (X) 0.7
yC—H as Tet 872 862.4 (A) 0.8
0 C—C—C s T 869 867 868.0 (A) 25
D 868 863.3 (A) 2.2
862.5 (A") 0.1
yC—H sym T, Tet 838 832 838.1 (A 9.1 834.5 (B) 16.0
T 835 833.1 (B 11.0
D 832 831.1 (A) 4.6
D 826 817.5 (A) 2.8
yC—H gym H 752 738
T, Tet 744 734 735.4 (E 554.5 734.1 (B 672.6
D 738 731 727.3 (A 209.8 729.5 (K) 7.7
D 725 723 7135 (A 138.9
7 riNg sym Tet 645 672.9 (B 29.4
yN—H T 608 598 (?) 597.1 (A 8.6
Tet 590 593/589 583.4 ( 123.2
T 570 583 579.5 (B 106.1
D 560 n.o. 562.8 (A 27.2
D 509 514 510.0 (A 98.9

a\Wavenumbers in cni, calculated intensities in km mdl v, bond stretchingd, bending;y, rocking; torsion; ip, in-plane; sym, symmetric;
as, antisymmetric; n.o., not observed;?Mmonomer; D= dimer; T = trimer; Tet= tetramer; H= higher order aggregates; Agr D, T, Tet, H.
b Scaled by 0.978.

assignments now proposed for both the amorphous and crystalthe H-bonded moieties. In the present case, it can be expected
line phases and compares them with those made by Klotz etthat these effects occur essentially in the bands ascribable to
al#8 for the pure liquid. vibrations with relatively significant contributions from the-Nl

As could be anticipated, the spectrum of the amorphous phasegroup. The bands due tdN—H (around 3370 crm) andyN—H
closely reproduced that of the liquid phase. Upon increasing (ca. 580 cm?) clearly follow this trend (see Figure 8a,c).
the temperature of the sample, structural reorganizations wereFollowing the expected trend8 the stretching vibration red
induced which can be followed spectroscopically. At a tem- shifts upon going from the glassy state to the crystalline phase,
perature of ca. 150 K, the crystallization of the compound was while the out-of-plane bending vibration increases its frequency,
observed. In different samples the exact temperature variesclearly revealing that the strength of the hydrogen bonds
slightly (£5 K) as expected taking into consideration that glassy- increases. Besides these bands, whose behavior could easily be
to-crystalline phase transitions are usually strongly dependentanticipated, a significant number of other bands do also vary
on a series of experimental parameters which are impossible toconsiderably upon phase transition. This result reveals that in
reproduce exactly, such as, for example, pressure, concentrationthe H-bonded species the vibrational coupling is considerably
and dispersion of the material in the matrix. more extended than in the monomer. In particular, the results

The extension of the changes with temperature suffered by ashow that the out-of-planeN—H coordinate couples extensively
given band is a measure of the participation of the molecular with the symmetric torsional ring vibration g Sym; which in
fragments involved in the H-bonding in the vibration associated the crystal gives rise to the doublet of bands at 657 and 673
with that band’® In general, an increase of structural order leads cm™?; Figure 8c) and the twpCH symmetric rocking vibrations
to a pronounced narrowing, intensification, and frequency shift (assigned to the bands appearing in the 750%ragion and
of the bands due to vibrations with significant contribution from ca. 840 cm?; Figure 8c). ThedN—H in-plane bending
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K (—), partially crystallized sample obtained after annealing the solid
amorphous layer at 150 k { -), and fully crystalline sample (- - -).
(a) 3600-2900 cn1? region. (b) 1806-1100 cn1? region. (c) 1106
450 cn1? region.

coordinate was found to be delocalized even in the monétner.
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TABLE 5: Experimental and Calculated [DFT(B3LYP)/
6-311+G(d,p)] Wavenumbers for the Liquid, Crystal, and
the Amorphous States of Pyrrolé

mode liquid®® amorphous crystal
WN—H 3409 3375 3366
vC—H gy 3130
N (3135) 3125 S0
yC—H g (3114) 3115
yC—H as 3102 } 8102 3105
2 % ON—H 3054 3051 3049
2 x ¥C=C gym 2941 2941 2940
YC—Nas+ 0C—Has 2700 2703 2700
yC—C + breathing 2570 2557 2562
7ring ast ON—H jp n.o. 1750 1750
2 x yC—H as 1736 1736 1736
¥C—H ast yC—H aym 1704 1714 1710
YC—H st 7C—H'ns 1582 } gy 1584
yC—H sym+ yC—H sym 1568
or 6C—H gym+ yN—H 1568
VC=C s 1530 1526 1523
yC—H 2ot 7C—H gym n.o. n.o. 1519
1470
¥C—=C 1467 { 1455 { o
1449
1436
YC—Nas 1418 { 10 1430
¥C—C m 1383 1382 1380
yC—H ast 71N as 1320 1333 1312
6C—H a 1286 1285 1288
2 % 71iNg as 1240 { 1265 1531
1249
2 x yN—H n.o. 1187 1175
breathing 1143 1145 1145
ON—Hp 1143 1135 1131
1086
6C—H oym 1075 1076 { 1008
OC—H as 1047 1047 1046
6C—H gym 1013 1014 1018
SCNC 880 882 885
OCCCas 867 868 857
yC—Has (869) n.o. n.o.
yC—Ham 840 844 837
758 751
yC—Haym 735 { 742 { 743
719
yC—H as (713) n.o. n.o.
NG sym 649 665 | &f3
TrNg as (621) 621(?) n.o.
yN—H 560 580 590

aWavenumbers in cnt. v, bond stretchingd, bending;y, rocking;
7, torsion; ip, in-plane; sym, symmetric; as, antisymmetric; n.o., not
observed? Values in parentheses are Raman data and correspond to
the vibrations that in the monomer are of gymmetry.

also ascribed to vibrations with a significant contribution from
the ON—H in-plane bending coordinate, though becoming
narrower upon crystallization, experience a considerable inten-
sity reduction (Figure 8b). There is also another group of bands
that are significantly affected by crystallization and that originate
in vibrations that are not expected to have significant contribu-
tions either fromdN—H in-plane oryN—H out-of-plane bending
coordinates. These bands appear at ca. 88NC), 1145
(breathing), and 1470 cm (vC=C sym), and it is easy to notice
that, in all the cases, in the H-bonded species the dominant
coordinate implies a significant change in the N+ H-bond

The spectra of the solid phases show that in the case of thedistance during the vibration. This fact justifies the observed
H-bonded species this coordinate contributes significantly to behavior. Note that the H-bond effects on the band profiles and

the bands at ca. 86@CCC as.), 14304C—N as.), and 1525
cm1 (vC=C as.), all of them showing a considerable intensi-
fication and narrowing upon crystallization (Figure 8b,c). Very
interestingly, the bands at ca. 1130 and 1290 %mwhich are

frequency position are also observable in the overtone and
combination bands involving the coordinates that give rise to
fundamental bands which follow the above-described behavior
upon phase transition. This is clearly visible, for instance, in
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