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Incremental NH stretching downshift through
stepwise nitrogen complexation of pyrrole:
a combined jet expansion and matrix isolation
study†

Sönke Oswald, a Martin A. Suhm *a and Stéphane Coussan *b

Aggregates of pyrrole with nitrogen are studied by Fourier transform infrared spectroscopy in supersonic

jet expansions as well as in neon, argon and nitrogen cryomatrices. The NH stretching vibration

undergoes a significant downshift upon switching from isolated gas phase conditions to bulk nitrogen

matrices, which can be reconstructed incrementally by stepwise cluster formation with an increasing

number of nitrogen molecules both in supersonic expansions and neon or argon matrices. The modelling of

the bulk matrix shift by finite cluster theory remains an interesting challenge. Self-aggregation of pyrrole

also yields the first spectra of the homodimer and -trimer in a neon matrix, showing particularly small

(up to 10 cm�1) deviations from the isolated gas phase values.

1 Introduction

Isolation of transient species or weakly bound molecular aggre-
gates in cryogenic matrices provides one of the most powerful
and sensitive methods for subsequent spectroscopic studies of
their structure and dynamics.1 However, spectral shifts and
splittings from unperturbed gas phase values due to the bulk
environment are frequently observed even for light, soft and
less perturbative matrix hosts such as parahydrogen2 or neon.3

The significant electric quadrupole moment of molecular
nitrogen4 results in a comparatively strong perturbation found
in corresponding matrices.5 Partial positive charges at the
centre and negative charges at the molecule ends6 lead to a
more specific and directional guest–host interaction than for the
similarly large argon host.7 Stepwise nanocoating of hydrogen-
bonded organic compounds with matrix host molecules in super-
sonic expansions is a useful tool in understanding gas-to-matrix
shifts8–10 and may enable a more rigorous comparison of matrix
isolation spectra to theoretical predictions.

In any molecular nitrogen solvation environment, the simple
aromatic pyrrole (C4H4NH) ring offers the possibility of competi-
tion between more directional NH� � �N2 hydrogen bonds and less
directional aromatic p� � �N2 interactions.11 The NH stretching

vibration provides a sensitive indicator for complex formation
even with the weakly interacting nitrogen binding partner.
Observable effects such as spectroscopic shifts and infrared
intensity enhancements are much less pronounced in most
other fundamental modes of the symmetric pyrrole molecule
and therefore more difficult to judge experimentally. Observa-
tion of a possible infrared activation of the NN stretching
vibration through complexation12–14 is hindered by spectral
overlap with the antisymmetric stretching vibration of atmo-
spheric carbon dioxide.

Homoaggregates of pyrrole and their respective spectral
fingerprints have been studied with a variety of different
experimental techniques such as optothermal molecular beam,15

microwave,16,17 cavity ring-down,18 infrared photodissociation19

and aromatically labelled UV/IR double resonance20 spectroscopy
as well as size selection by scattering.21 Broadband infrared
spectroscopy in para-hydrogen,22 nitrogen22,23 and argon
matrices,7 solution24,25 and supersonic expansions26,27 as well
as most other vibrational spectroscopy focus primarily on the
NH stretching region. Corresponding infrared spectra in neon
matrices provided in this work facilitate previously uncertain
trimer band assignments in argon matrix.7

More importantly, NH stretching gas-to-matrix shifts are
rationalised and incrementally reproduced by stepwise nitrogen
complexation in neon and argon matrices as well as supersonic
expansions. All spectra as well as harmonic density functional
theory predictions show a weak, but distinct downshift of the
NH stretching vibration upon hydrogen bond formation, clearly
correcting a proposed unusual upshift based on anharmonic
calculations and nitrogen matrix spectra23 which has received
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considerable attention22,28–30 despite being challenged by more
reliable calculations.19

2 Experimental methods

For matrix isolation experiments,31–34 pyrrole (Aldrich, 498%)
was subjected to multiple freeze–pump–thaw cycles under
primary vacuum to remove dissolved gases. Pyrrole was then
mixed with matrix gases, neon (Air Liquide, N50 grade), argon
and nitrogen (Air Liquide, N60 grade), in partial ratii Py/N2/MG
(Py, pyrrole, MG, matrix gas) ranging from 0.25/0/1000 to
0.28/55/1000. Mixtures were deposited onto a gold-plated copper
cube cooled to 4.7 K in neon and 20 K in argon and nitrogen by a
closed-cycle cryogenerator (Cryomech, PT-405). Cryostat and
sample-carrier were protected from thermal background radiation
by a chrome-plated brass shield kept at E32 K. Controlled heating
(Lakeshore, Model 336) of the sample carrier was carried out
with a 50 O resistor, while the background pressure in the
vacuum chamber was kept at 10�7 mbar by a turbomolecular
pump. Fourier transform IR (FTIR) spectra were all recorded at
4.7 K in the reflection mode using a Bruker IFS 66/S spectro-
meter (resolution: 0.12 cm�1) equipped with a MCT detector.

For measurements in pulsed supersonic expansions,35

helium (Linde, 99.996%) optionally mixed with nitrogen (Air
Liquide, 99.996%) was guided through a thermostatted glass
saturator containing liquid pyrrole (abcr, 99.8%), resulting in
molar fractions of about 0.1% pyrrole in the gas mixture,
depending on the vapour pressure controlled by the �20 1C
saturator temperature. Hence, mixtures with partial ratii Py/N2/He
ranging from 1/25/1000 to 1/150/1000 were employed for the
expansions. From a 67 L Teflon coated reservoir at a stagnation
pressure of 0.75 bar the gas escaped through six solenoid valves
into a preexpansion chamber connected with the vacuum chamber
through a (600 � 0.2) mm2 slit nozzle. A Bruker IFS 66v/S FTIR
spectrometer equipped with a 150 W tungsten lamp, CaF2 optics
and a liquid nitrogen cooled 3 mm2 InSb detector recorded
synchronized broadband FTIR spectra of the resulting supersonic
jet expansion at a resolution of 2 cm�1 (as a compromise between
spectral resolution power and signal-to-noise ratio) with the
infrared beam crossing perpendicularly to the gas flow propa-
gation direction. Maintenance of sufficiently low background
pressures during 147 ms gas pulses was ensured by an attached
23 m3 buffer volume, continuously evacuated by a series of
roots pumps at a speed of 2500 m3 h�1 and a 25 s delay between
subsequent pulses. A more detailed description of the setup
( filet-jet) can be found in ref. 35.

3 Quantum chemical calculations
and nomenclature

The studied molecules are abbreviated as P (pyrrole) and N
(nitrogen). For the description of hydrogen bonded cluster
compositions, these single letters are repeated in donor–acceptor
sequence. The docking site of nitrogen at the pyrrole monomer is
marked by a subscript to the N, discriminating between the NH

proton (H), the aromatic p electron system (p) or the CH
backbone (C). Structure optimisations and harmonic frequency
calculations were performed at the B3LYP-D3(BJ)/aVTZ level of
computation with the Gaussian0936 (Rev. E01) program package.
For selected clusters, these were complemented by additional
anharmonic frequency calculations37 (second order vibrational
perturbation theory, VPT2) and CCSD(T)/aVTZ single point
energies. A full list of all employed keywords can be found in
Table S1 in the ESI.† No scaling of calculated harmonic
wavenumbers is applied, because the focus is on very small shifts
due to matrix interaction which are neither changed significantly
by scaling factors nor expected to change much upon proper
inclusion of anharmonicity (currently not possible for such weakly
interacting, somewhat large molecular complexes).

Structures of P homoclusters (Fig. 1) were reoptimised from
known literature models.27 The PP dimer forms a NH� � �p
hydrogen bond in a T-shape with the two molecule planes
tilted from a perpendicular arrangement to about 551,17 similar
to pyrrole coordination of other aromatic acceptors.38 The
cyclic hydrogen bond topology in the PPP trimer allowing for
substantial cooperativity which more than triples the dissocia-
tion energy has been experimentally demonstrated by comple-
mentary infrared and Raman NH stretching spectra.18,27

In comparison to P homoclusters, nitrogen solvation complexes
are energetically substantially less favoured with predicted
dissociation energies of about 6 kJ mol�1 for the most stable
heterodimers, reasonably close to the experimental value of
(6.67 � 0.08) kJ mol�1 found for the mixed dimer of 1-naphthol
and nitrogen.39 For the first attached N2 molecule with its
quadrupole moment comprised of positive partial charge in
the molecule centre and negative partial charge at its ends, P
offers two almost equally attractive binding sites. The NH
proton and the p-electron density above the aromatic ring plane
(Fig. 2) compete for the solvent with the first motif winning for
positively charged P19 and the latter being favoured in the most
stable binary aggregate of neutral P and argon.40 Only the
hydrogen bonded NH complex structure is predicted with a
small NH stretching downshift in the double harmonic approxi-
mation (Table 1), while p binding is spectrally unimpressive. Both
the p-system and the NH proton offer enough space for secondary
N2 attachment and those binding sites are subsequently filled
upon increasing complexation. Interactions between attached N2

Fig. 1 Stable structures of the pyrrole monomer (P), dimer (PP) and trimer
(PPP) optimised at the B3LYP-D3(BJ)/aVTZ level. Harmonically zero-point
corrected dissociation energies in kJ mol�1 are provided in parentheses.
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molecules open up slightly different structural motifs in larger
clusters, but the generally preferred binding sites at P remain the
same. Up to the mixed tetramer with three N2 molecules bound at
P, increasing spectral NH stretching downshifts of NH conformers
are predicted harmonically as expected for cooperative solvation.
However, for larger aggregates such as pentamers and hexamers
the prediction for the most stable solvation complexes switches to
small upshifts hinting at substantial difficulties of the employed
theoretical method in accurately modelling N2 embedding which
will be demonstrated below. Additional conformers which are
more than 1.0 kJ mol�1 less stable than the respective minimum
energy structures can be found in Fig. S1–S5 and the respective
spectroscopic predictions are summarised in Table S2 in the ESI.†
In the absence of detailed interconversion barrier analyses, it
remains unclear which of the higher energy structures may con-
tribute to the kinetically controlled jet experiments. For all cluster
sizes, there are significantly (45 cm�1) downshifting structure
representatives (typically involving NH coordination), but they tend
to move higher in relative energy with increasing coordination
number. One evident trend in these computed data independent

on complex binding energy is that directed NH� � �N2 contacts often
lead to downshifts of the NH stretching frequency, whereas
structures with NH pointing between two N2 units tend to show
slight upshifts.

Anharmonic predictions for low frequency large amplitude
motions are unphysical in all tested cases except the rigid P
monomer, indicating limitations of the VPT2 approach when
treating soft, nonrigid molecular systems such as nitrogen
aggregates.10 While localised high frequency modes such as
NH stretching vibrations are typically less affected, errors are
still introduced via coupling to the low frequency vibrations
and could be of similar magnitude as the entire hydrogen bond
induced shift.

4 Results and discussion
4.1 Neon, argon and nitrogen matrices

To reduce competition between the formation of energetically
favoured P homoclusters and nitrogen complexation, P is highly
diluted to concentrations as low as 0.025% for all matrices,
minimising homoaggregation. NH stretching FTIR spectra of P
in a neon (Fig. 3) matrix show a broad and structured monomer
band, ranging from 3540 to 3525 cm�1. This provides strong
evidence for the sensitivity of the NH stretching mode to different
lattice environments even for the partially quantum-delocalized
and soft neon matrix and underscores the suitability of pyrrole for
such a kind of study. After annealing to 9 K cluster formation is
increased and the PP donor vibration at 3433.8 cm�1 gains
intensity as well as the PPP band at 3386.0 cm�1. In the argon
matrix7 (Fig. 4) site splitting between 3523.1, 3519.9 and the
dominant site at 3521.1 cm�1 is observed for P. After annealing
to 30 K the PP donor vibrations at 3420.2, 3417.6 and 3414.6 cm�1

gain intensity and various PP acceptor and PPP vibrations
emerge at 3517.9, 3514.1, 3511.5, 3509.1 and 3378.6 cm�1.
The vibrational signal at 3378.6 cm�1 was also observed in
the previous work by Fausto and co-workers7 and very tentatively
assigned to the tetramer. The gas phase shift trend27 (Table 2)
already makes an assignment to the trimer more likely, which is
further corroborated by the new neon matrix value. It is not
unexpected that the neon matrix shows the smallest deviations
from the jet spectral positions.

In a nitrogen matrix (Fig. 5), the monomer band also dis-
plays substantial site splitting with peaks at 3519.5, 3514.2,
3512.7, 3511.2 and 3509.1 cm�1. After annealing to 30 K,
unstable sites are depopulated in favour of mainly that at
3514.2 cm�1. Only small fractions of the sites at 3509.1 and
3519.5 cm�1 remain with the latter being falsely assumed as a
sign of an upshifted NH stretching band position due to
NH� � �N2 hydrogen bonding in the binary aggregate of P and
nitrogen in ref. 23. The PP donor and PPP vibrations also grow
in at 3423.8, 3417.5, 3415.1, 3385.0 and 3379.6 cm�1, alongside
two acceptor vibrations at 3503.5 and 3501.1 cm�1.

The gas-to-matrix shift of the monomer increases from the
weakly interacting neon over para-hydrogen and the more polaris-
able argon to quadrupolar nitrogen (Table 2). Similar behaviour

Fig. 2 Most stable structures found for heteroaggregates of the pyrrole
monomer (P) with increasing N2 coordination optimised at the B3LYP-
D3(BJ)/aVTZ level. Relative energies in kJ mol�1 calculated from CCSD(T)/
aVTZ single-point calculations and harmonic zero-point vibrational energy
from B3LYP-D3(BJ)/aVTZ are given in parentheses (bottom row exclu-
sively B3LYP-D3(BJ)/aVTZ energies).
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with larger shifts due to cooperative effects9 is found for the
dimer, although para-hydrogen-, nitrogen- and argon-induced
shifts are rather similar. The cyclic trimer does not offer the
acceptor NH as an attractive interaction site for the matrix host
molecules, therefore the gas-to-matrix shifts are smaller and
more uniform across the different matrix hosts than the ones
observed for the dimer, closely mirroring effects found for small
aliphatic alcohols.9 The consistently smaller matrix shift for the

trimer is further proof of its cyclic nature, also in a strongly
perturbing matrix environment.

4.2 Nitrogen added to neon and argon matrices

A noticeable average NH stretching downshift of roughly
18 cm�1 occurs for P when switching from neon to nitrogen
hosts, most likely due to NH� � �N2 interactions. Stepwise addi-
tion of small nitrogen fractions such as 0.025 and 0.5% to neon

Table 1 Theoretically predicted properties of the most stable P and N2 aggregates such as harmonic (oNH) and anharmonic (~nNH) NH stretching
wavenumbers, lowest predicted harmonic (oL) and anharmonic (~nL) wavenumbers in cm�1, harmonic (So) and anharmonic (Sn) infrared band strengths
in km mol�1, spectroscopic shifts (DoNH, D~nNH) relative to P in cm�1 as well as relative electronic and harmonically zero-point corrected energies DEe and
DE0 compared to the most stable cluster conformation in kJ mol�1. All properties were calculated at the B3LYP-D3(BJ)/aVTZ level of approximation.
Only the electronic energy was taken from CCSD(T)/aVTZ single-point calculations for all clusters except hexamers

Structure oNH So DoNH oL ~nNH Sn D~nNH ~nL DEe DE0

P 3674 65 — 496 3508 51 — 492 — —

PP 3669 72 �5 17 — — — — — —
3598 324 �76

PPP 3553 631 �121
3553 631 �121 22 — — — — — —
3536 0 �138

PNp 3674 65 0 21 3507 51 �1 (18 810) 0.0 0.0
PNH 3669 206 �5 11 3506 133 �2 (20) 0.8 0.7

PNpNp 3673 65 �1 18 3517 52 9 (132) 0.0 0.0
PNpNH 3668 210 �6 10 3505 131 �3 (�22) 0.4 0.5
PNpNH 3675 94 1 8 3508 69 0 (23) 0.7 0.5

PNpNpNH 3667 214 �7 9 — — — — 0.0 0.0
PNpNpNH 3674 98 0 12 — — — — 0.5 0.1
PNpNHNH 3677 100 3 11 — — — — 0.8 0.3

PNpNpNHNH 3676 122 2 10 — — — — 0.0 0.0
PNpNpNHNH 3676 104 2 9 — — — — 0.0 0.1
PNpNpNHNH 3678 168 4 4 — — — — 0.1 0.3

PNpNpNHNHNH 3674 142 0 3 — — — — 0.0 0.0
PNpNpNHNHNH 3674 174 0 8 — — — — 0.1 0.1

Fig. 3 NH stretching FTIR spectra of 0.025% pyrrole in a neon matrix after
deposition at 4.7 K (trace a) and after annealing to 9 K and recooling to
4.7 K (trace b). Wavenumbers and assignments are provided.

Fig. 4 NH stretching FTIR spectra of 0.025% pyrrole in an argon matrix
after deposition at 20 K and subsequent cooling to 4.7 K (trace a) as well as
after annealing to 30 K and recooling to 4.7 K (trace b). Wavenumbers and
(tentative) assignments are provided.
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matrices (Fig. 6, traces b to e) incrementally reproduces this
shift. The N2 enriched neon matrices sustain annealing to
15 K for a few seconds and yield previously not observed
downshifted bands at 3524.9, 3524.0, 3518.6, 3516.2 and
3514.7 cm�1, which are attributed to complexes of P and N2

in a neon environment, although assignment to certain calcu-
lated heteroaggregate structures (Fig. 2) is somewhat difficult in
a bulk matrix. Annealing allows the different components to
diffuse and create the molecular complexes, which most likely
include a variety of NH and Np aggregates as indicated by the
broad range of observed downshifts. Addition of a larger
nitrogen fraction of 5% (trace f) results in a broad NH stretch-
ing signal centred at 3520.2 cm�1, which is further downshifted
to a position at 3515.5 cm�1 after annealing to 9 K (trace g), in
close proximity to the dominant pure nitrogen matrix band
position (trace h). We attribute the loss of structure upon increased
N2 admixture to an incomplete and amorphous N2 embedding, i.e.
interactions with N2 enriched neon matrix grains. This incomplete
N2 embedding induces an inhomogeneous broadening due

to a more dispersed distribution of nearly equivalent classes of
oscillators.

Very similar behaviour is observed in argon matrices (Fig. 7),
even though the band positions of P in pure argon are already
closer to the N2 matrix bands than corresponding neon transitions.

Table 2 NH stretching band centre positions (~n) in cm�1 of the pyrrole monomer (P), dimer (PP) and trimer (PPP) measured in supersonic expansion and
different cryomatrices as well as the gas-to-matrix wavenumber shift induced by matrix isolation (D~nmi) in cm�1. Separate analysis for PP acceptor (upper
row) and donor (lower row) vibrations is included

Structure

P PP PPP

~n D~nmi ~n D~nmi ~n D~nmi

Supersonic expansion27 3531 — 3524 — 3393 —
3444 —

Neon 3540, 3525 9, �6 3434 �10 3386 �7

para-Hydrogen22 3520 �11 3515, 3512 �9, �12 3385 �8
3424, 3417 �20, �27

Argon7 3524, 3520 �7, �11 3418, 3409 �26, �35 33967 3
[3378]27 �15

Nitrogen22,23 3520, 3509 �11, �22 3504, 3501 �20, �23 3385, 3380 �8, �13
3424, 3415 �20, �29

Fig. 5 NH stretching FTIR spectra of 0.025% pyrrole in a nitrogen matrix
after deposition at 20 K and subsequent cooling to 4.7 K (trace a) as well as
after annealing to 30 K and recooling to 4.7 K (trace b). Wavenumbers and
(tentative) assignments are provided.

Fig. 6 NH stretching FTIR spectra of 0.025% pyrrole in a neon matrix after
deposition at 4.7 K (trace a). Spectra of neon matrices with increasing
nitrogen addition (traces b to g) before and after annealing to the stated
temperature and subsequent recooling to 4.7 K as well as a nitrogen matrix
deposited at 20 K and subsequently cooled to 4.7 K (trace h) are also
included. Wavenumbers and (tentative) assignments are provided.
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Adding small amounts of 0.025 and 0.25% N2 to the argon
matrix and annealing to 40 K (traces b and c) results in new
features at 3518.4 and 3509.1 cm�1, most likely due to binary
PN complexes. The larger 5% nitrogen fraction (traces d and e)
again results in a broad band that is downshifted towards the
pure N2 matrix band position (trace f). Interestingly, this
approach to pure N2 is spectrally less complete for the argon
host (3520 cm�1) than for the neon host, in particular after
annealing (3515 cm�1). This probably reflects the softness of
the neon matrix, which allows for a closer arrangement of the
N2 dopant around P, still sufficiently diluted by the matrix host
to prevent sharp spectral features due to long range order.
Indeed, neon is one of the softest matrices, exhibiting a crystal
force constant41 of 3.6 compared to 5.4 and 8.2 mdyn Å�1 in the
case of nitrogen and argon matrices, respectively.

4.3 Supersonic Expansions

Removing matrix-induced wavenumber shifts in a supersonic
expansion (Fig. 8) yields the unperturbed P band position
of 3531 cm�1 and a hot band (Phot) at 3507 cm�1, in excellent
agreement with previous studies.18,26,27 The hot transition

occurs due to insufficient vibrational cooling of the thermally
excited out-of-plane bending mode n16 at 474.61 cm�1 in the
helium jet expansion.27

Adding 2.5 and 5% N2 to the gas mixture (traces c and e)
results in a new feature at 3527 cm�1, more clearly visible in
the P-corrected difference spectra (traces b and d). Similar
expansion conditions resulted in the formation of singly
or doubly nitrogen coordinated clusters of alcohols9,42 or
carboxylic acids10 and the 5 cm�1 downshift from the isolated
monomer is in reasonable agreement with the nitrogen-
induced shifts in neon and argon matrices as well as
harmonic predictions for various small NH-coordinated PN
clusters. If 15% nitrogen is added to the helium carrier gas
(traces f and g), a band at 3518 cm�1 emerges. The close
proximity to the N2 matrix band position suggests nitrogen
nanocoating of P in the expansion, analogous to effects
observed for alcohol dimers under similar expansion conditions.9

It would be desirable to quantify the spectral effects of stepwise N2

coating of pyrrole using size-selective and/or high resolution
ro–vibrational spectroscopy, but for the time being, the quali-
tative trends are unambiguous in terms of the direction of the
wavenumber shift.

Fig. 7 NH stretching FTIR spectra of 0.025% pyrrole in an argon matrix
after deposition at 20 K and subsequent cooling to 4.7 K (trace a). Spectra
of argon matrices with increasing nitrogen addition (traces b to e) before
and after annealing to the stated temperature and subsequent recooling to
4.7 K as well as a nitrogen matrix deposited at 20 K and cooled to 4.7 K
(trace f) are also included. Wavenumbers and (tentative) assignments are
provided.

Fig. 8 NH stretching FTIR jet spectra of about 0.1% pyrrole expanded in
different mixtures of nitrogen and helium (traces a, c, e and g) as well as
monomer-subtracting difference spectra (traces b, d and f). Trace h is
taken from Fig. 5 (trace a) and divided by 2000. Wavenumbers and
(tentative) assignments are provided.
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5 Conclusions

Stepwise nitrogen complexation of the pyrrole monomer in
neon and argon matrices as well as supersonic expansions
nicely bridges the gap between isolated gas phase and bulk
nitrogen matrix environments (Fig. 9). The total gas-to-matrix
downshift of the NH stretching vibration is incrementally
reproduced, initially by coordination of a few nitrogen mole-
cules at the NH proton. Density functional theory within the
double harmonic approximation is able to describe this effect
with reasonable accuracy. The final bulk matrix NH stretching
band position is approached by embedding of pyrrole in larger
amounts of nitrogen both in cryogenic matrices and the gas
phase. Standard harmonic calculations for larger pyrrole nitro-
gen clusters clearly fail to accurately describe the bulk limit but
it remains unclear whether this is due to their finite size and
amorphous character or due to an electronic structure or
anharmonicity deficiency. The �16.6 cm�1 bulk N2 wavenumber

shift represents a challenging experimental benchmark which
promises to provide deep insights into weak hydrogen bond and
packing effects, if addressed properly by theory.43 We anticipate
that this may even be possible to a satisfactory degree in the
harmonic oscillator approximation, if a possible ’’forced contact’’
nature of the NH� � �N2 interaction in the bulk matrix is considered.
For this, accurate pair potentials of dinitrogen44 have to be
combined with interaction potentials for pyrrole-N2, perhaps in
the form of neural networks.45 This might confirm on a quantita-
tive level what the present contribution shows qualitatively, based
on multiple experimental evidence: significant upshifting of the
NH stretching fundamental induced by N2 is neither an issue in
the matrix nor in the gas phase.
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