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The 364-nm photoelectron spectrum of pyrrolide anion, prepared by deprotonation of pyrrole, has been
measured. The electron affinity (EA) of pyrrolyl radical has been determined to be2.0480 eV. Harmonic
vibrational frequencies of 92% 65, 1012+ 25, and 1464+ 20 cntt are observed in the spectrum of the
A, ground state of pyrrolyl. This spectrum is well reproduced by Frai@éndon fitting on the basis of the
optimized geometries and the vibrational frequencies of the anion and the radical obtained at the B3LYP/
6-311++G(d,p) level of density functional theory (DFT). The observed vibrational modes involve large
displacements along the ring coordinates. While the Fraf@dndon analysis also predicts a very similar
spectrum for théB; first excited state, only a broad, featureless, weak spectrum is observed near the calculated
binding energy. The DFT calculations find a transition stateBarelectronic symmetry as a result of strong
vibronic coupling between th#A, and ?B; states. The transition state is located very close to a conical
intersection of these states. The absence of distinctive features féBtheansition state in the spectrum
arises from the associated lifetime broadening. Using the EA of pyrrolyl together with tté bbnd
dissociation energy (BDE) of pyrrole recently determined by Ashfold, the gas-phase acidity of pyrrole is
AacidGaos(RH) = 351.9+ 0.4 kcal mott andA,cidH208(RH) = 359.4+ 0.4 kcal mot?. The gas-phase acidity

of pyrrole was also independently determined relative to methanethiol using a tandem flowing afterglow-

selected ion flow tube. These measurements now provide a much more accurate set of benchmark acidities

for pyrrole and methanethiol, a frequently employed reference acid.

Introduction zolide and pentazole are nitrogen analogues of cyclopentadi-

Homonuclear polynitrogen compounds have been of interest €Nide, GHs™, and cyclopentadiene,sHe, respectively. Basic
to chemists for decades. Their decomposition reactions to form thermodynamic properties 068s™, such as its proton affinity ,
stable products, such agNare highly exothermic, and hence @nd electron binding energy,have been determined experi-
these compounds are regarded as potential high-energy-densitynentally. In addition to these homonuclear species, hetero-
materials with nontoxic products. At the same time, the very nuclear five-membered ring compounds exist with different
high heat of formation and related instability have made combinations of the number of C and N atoms. Bylnvestlgatlng
experimental investigations of these compounds very difficult, the thermodynamic properties of these heterocyclic compounds,
and much of the work on this subject has been theoretical in We hope to learn about pentazolide and pentazole by extrapola-
naturel~11 Recently, however, there have been reports of the tion. In this spirit, we have initiated a systematic investigation
observation of relatively unstable polynitrogen species, including ©f nitrogen-containing, five-membered heterocyclic compounds.
N4, 1218N5T,1415N5~,1617and Ny~.1820 These reports encourage As a first step, we have investigated pyrroleHgN. The
further investigation of the nature of these polynitrogen com- gas-phase acidity of pyrrole relative to methanethiol {EHi)
pounds. has been determined using a flowing afterglow-selected ion flow

One of these species,sN was detected through collision-  tube (FA-SIFT) instrument. Photoelectron spectra of the cor-
induced dissociation electrospray ionization mass spectroffietry responding anion, pyrrolide, were measured to determine the
and laser desorption ionization time-of-flight mass spectrom- electron affinity (EA) of pyrrolyl radical. Thé\,i{G29sand EA
etry?” of substitutedp-phenylpentazoles. Theoretical studies are related to the bond dissociation energy (BDE, i.e., dissocia-
suggest that N is stable as a cyclic form, pentazoliéi& Its tion enthalpy at 0 KDHo(R—H)) for the N—H bond through a
decomposition into azide anion and dinitrogen is predicted to thermochemical cyclé*26 As Ashfold?” has very recently
be exothermic by 1416 kcal mot?, and the heat of formation  determined the NH bond strength of pyrrole with very high
of pentazolide is predicted to H;* = 62.14+ 3.6 kcal mot .’ accuracy, we can now use this cycle to obtain improved values
It is challenging to measure these thermodynamic values of for the gas-phase acidity of the reference acids, pyrrole and
pentazolide through experiments, considering the difficulty in methanethiol.
its synthesis. Unequivocal synthesis or observation of pentazole, peasurements of photoelectron spectra are also valuable in
NsH, has not yet been reportéd. _that insight into the molecular structure can be obtained.

One experimental approach is pursued here for the possiblegenerally, Franck Condon profiles in negative ion photoelec-
ultimate characterization of pentazolide and pentazole. Penta-;, spectra not only provide information about the vibrational

* Authors to whom correspondence should be addressed. E-mail: fréquencies of certain normal modes (usually totally symmetric
wcl@ijila.colorado.edu; Veronica.Bierbaum@Colorado.edu. modes) of the neutral radical but also indicate the magnitude
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of the structural change between the anion and the neutral radicapyrrole (RH) and a reference acid (AH). The ratio of the rate
along those normal coordinat&sThe photoelectron spectrum  constants gives the proton-transfer equilibrium conskaggi
of pyrrolide shows remarkable differences between transitions (=ki/k;).
to the ground state?A\,;) and the first excited stateéR;) of
pyrrolyl. The latter is very substantially broadened as a result R™+ AH gRH + A )
of strong vibronic coupling, in a pseudo-Jafifeller interaction. ke
After describing the experimental techniques, we present the i )
results of the photoelectron spectroscopy measurements followed 1 N€ réactant anions (Ror A7) were generated in the source

by the gas-phase acidity measurements. The analysis of thdlow tube using hydroxide .deprotonation of the correspclmlding
experimental results is supported with ab initio and density neutrals, RH and AH. The ions were mass selected and injected

functional theory (DFT) calculations. The effects of vibronic into the second flow tube at low injection energies to minimize
coupling on the adiabatic potential energy surface and the

fragmentation. The reactant anions were thermally equilibrated

location of a conical intersection between the ground and first With the helium buffer gas (0.5 Torr) before undergoing proton-

excited state of pyrrolyl are discussed in some detail. transfer reactions with a neutral reagent, which was added
through each of the multiple inlets located downstream along

Experimental Methods the flow tube. Depletion of the reactant ion signal was recorded
. . with the detection quadrupole mass filter as a function of the
Negative lon Photoelectron Spectroscopyultraviolet nega-  jnjet position (i.e., the reaction distance) and the reaction rates

tive ion photoelectron spectra of pyrrolide have been obtained yetermined435 Measured rate constants are reproducible to
with a pho_toelecgrc;g spectrometer that has been described inyithin 39 (one standard deviation) and are reported with the
detail previously*"* Briefly, pyrrole (Sigma, 98%) is intro-  gtatistical uncertainties in the present article. The rates also
duced downstream of a microwave discharge flowing afterglow typically have absolute (systematic) error barst0%. The

ion source where it undergoes a proton abstraction reaction with systematic errors cancel in the rate constant ratio sokhiai
hydroxide in approximately 0.5 Torr of helium. Collisions with 5 getermined very accurately. When the acidity of the reference
the helium buffer gas cool the ions to a vibrational temperature gqjg AacidGroslAH), is known, the acidity of the RH molecule

of ~298 K. The anions are extracted from the flowing afterglow s getermined from the equilibrium constant via the expression
region, accelerated to 736 eV, and focused for mass selection

into a Wien velocity filter. The mass selected ions are then AciGaod RH) = A4 Gaog(AH) + RTIn Keequil (3)
refocused, decelerated to 40 eV, and crossed with a photon beam

from a cw argon ion laser (363.8 nm) in an external build-up  The gas-phase acidityAacidGo0(RH), is the free-energy
cavity with a circulating power of approximately 100 W. A change for the process RH R~ + H*, where H is the most
typical pyrrolide beam current is 150 pA. Photoelectrons acidic hydrogen (N-H in this case). Methanethiol was used as
collected in a direction perpendicular to the ion and laser beamsa reference acid¥acidG20 CHsSH) = 350.6+ 2.0 kcal mot2].36
are focused, passed through a hemispherical energy analyzetThe collision rate for pyrrole was calculated via the parametrized
with 10-15 meV resolution, and imaged onto a position trajectory collision rate theo?yusing a polarizabilit$? of 8.03
sensitive detector after amplification with microchannel plates. x 1024 cm? and an electric dipole moment of 1.743D.
Spectra are obtained by measuring photoelectron counts as a

function of electron kinetic energy (eKE). Subtraction of the Results

electron kinetic energy from the photon energy converts the Photoelectron Spectra.The 363.8-nm (3.408 eV) magic-
energy scale of the spectrum to electron binding energy (eBE). . .
X . - h angle photoelectron spectrum of pyrrolide~&298 K is shown

The energy scale is calibrated with the EA of atomic oxygen in Fioure 1a. The spectrum shows a Fran@ondon envelone
In the measurement of the photoelectron spectrum of OXYGEN ith %t Ieast-three an:tive vibrations. The peak at 2 :’t4(5018
anion3! A small (<1%) energy compression factor is applied . . e pe: ) .

, . eV is assigned as the electronic band origin, corresponding to

as determined from the comparison of the photoelectron . .

. . the EA of pyrrolyl. This value is close to that of 2.39 0.13
spectrum of tungsten anion with known energy levels of tungsten eV obtained bv Brauman in a verv early low-resolution
atom32 To obtain photoelectron angular distributions, a rotatable y y Y, IOW-res

S . .~ photodetachment measuremé&hfThree pyrrolyl vibrational
half-wave plate is inserted into the laser path before the build- f . ved in th 006 1
up cavity. Spectra are obtained with laser polarizations parallel requencies are resolved in the spectrum, : cnr e, 1012.
y + 25 cntl, and 1464+ 20 cntl. Comparison between this

(0°), perpendicular (99, and at the magic angle (54)7o the spectrum and the spectrum measured at 200 K (not shown)

photoelectron collection axis. It has been sh&Wthat the ; oo S .
photoelectron angular distribution can be expressed as |o_|ent|f|es a weak peak ata lower binding energy as a pyrrolide
vibrational hot-band with a frequency of 874 95 cntl.
o Measurements of the photoelectron angular distribution yield a
1(6) = E[l + +Py(cod)] 1) value of approximately-0.5 for the anisotropy parametét,
for the main features in the spectrum. Thevalue, however,
where 6 is the angle between the laser electric field and the gradually decreases across the weak continuous portion of the
photoelectron collection axigy is the total photodetachment spectrum (eBE> 2.5 eV), approaching zero at 2.8 eV. This
cross sectiong is the anisotropy parameter, afg(cos 6) is variation off3 suggests that the spectrum may represent electron
the second-order Legendre polynomial. Measurements at thesaletachment from more than one molecular orbital of pyrrolide,
three polarization angles allow determination of the anisotropy as demonstrated below.
parameter with some redundancy. To aid in the assignment and interpretation of the photoelec-
Flowing Afterglow-Selected lon Flow Tube Measure- tron spectra, electronic structure calculations for pyrrolide and
ments. The gas-phase acidity of pyrrole was measured using a pyrrolyl were completed using the Gaussian 98 suite of
tandem flowing afterglow-selected ion flow tube (FA-SIFT) programs'! DFT geometry optimizations were carried out with
instrumen*35The forward &) and reversek() rate constants  Becke’s hybrid three-parameter functiotfand the correlation
were measured at 298 K for proton-transfer reactions betweenfunctional of Lee et a3 (B3LYP). A vibrational analysis was
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Figure 1. (a) 363.8-nm magic-angle photoelectron spectrum of

pyrrolide anion. (b) Simulated photoelectron spectrum of pyrrolide using . . .
results from the DFT calculations. The sticks are the raw Franck " good agreement with B3LYP calculations by Schaéfer.

Condon factors and the solid curves are 15 meV fwhm Gaussian Examination of the geometries provides insight into which
convolutions. In the simulated spectrum, the binding energy for the Vibrational modes will be activated upon photodetachment.
2A, origin peak was set to the origin peak observed experimentally. There are significant differences of the bond lengths in the ring
The binding energy for théB, origin peak was set according to the  between the anion ground state and the two states of the radical.
term energy obtained in the DFT calculations (0.49 eV). Therefore, it is expected that those vibrational modes which
contain significant motion along the ring coordinates will
performed at each stationary point to confirm its identity as a manifest themselves in the Frare€ondon profile.
minimum or a saddle point. The vibrational analysis also Using the geometry and frequency results from the DFT
provides the zero-point and thermal energy corrections that areca|cylations, FranckCondon factors were calculated for transi-
necessary to convert the B3LYP electronic energies to enthalpiesjons from the'A; ground state of the anion to tR&, and?B;
at 298 K. The calculations reported here all employed the states of the radical with the PESCAL prograt? assuming
6-311++4G(d,p) basis set! identical total photodetachment cross sections for the two radical
The DFT calculations show that the ground state of pyrrolide states® Figure 1b shows the raw FranekCondon factors
hasC,, symmetry tA; electronic symmetry). Figure 2 depicts  (sticks) and a 15 meV fwhm Gaussian line shape convolution
the highest occupied molecular orbitals of the ground state of (solid lines). Three totally symmetric vibrational modes in each
pyrrolide. The two highest occupied molecular orbitalsgiad state of pyrrolyl are determined to be active in the Franck
b:) ares orbitals, while the third highest occupied molecular Condon profile; the corresponding normal mode displacements
orbital (a) is ao orbital. Clearly, detachment of an electron for the 2A, state are depicted in Figure 3.
from the highest occupied molecular orbital forms the ground  Comparison between the photoelectron spectrum (Figure 1a)
state of pyrrolyl with A electronic symmetry. Likewise, and the FranckCondon simulation (Figure 1b) makes it clear
detachment from the second highest occupied molecular orbitalthat the main features in the photoelectron spectrum can be
forms the first excited statég;). Detachment from the orbital ascribed to théA, ground state of pyrrolyl. The DFT calcula-
is inaccessible with the photon energy of 3.408 eV used in the tions predict an EA of 2.12 eV for pyrrolyl, in excellent
current experiment. The DFT calculations with, geometries agreement with the experimental value, 2.1#48.010 eV. The
find a minimum with?A electronic symmetry and a transition ~ Franck-Condon analysis predicts tRB; state to appear in the
state with2B; electronic symmetry for pyrrolyl. These two spectrum as well (Figure 1BJ,with a term energy for thés;
stationary points are connected via a pseudorotation path onstate calculated to be 0.49 eV at the B3LYP/6-3%#1G(d,p)
the ground adiabatic potential energy surface (vide infra). The level of theory?® However, no such prominent feature appears
DFT optimized geometries are given in Table 1. The optimized in the spectrum. The absence of distinctive features fofBhe
geometries for the ground states of pyrrolide and pyrrolyl are state must originate from lifetime broadening along the normal
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TABLE 1: Geometry Parameters for Pyrrolide and Pyrrolyl ¢

N1
H9\ '\ /H6
C5 Cc2 .
pyrrolide pyrrolyl
C4——C3
Conical
H8 H7 'A? A" B, (TS)* intersection
N1—C2 and N1—C5 1.3625 1.3441 1.3856 1.3804
C2—C3 and C5—C4 1.4035 1.4598 1.3639 1.3759
C3—C4 1.4195 1.3610 1.4947 1.4779
C2—H6 and C5—H9 1.0865 1.0834 1.0794 1.0798
C3—H?7 and C4—H8 1.0847 1.0798 1.0806 1.0804
ZC5-N1-C2 105.13 104.74 106.84 106.59
£N1-C2-C3 and £N1-C5-C4 112.06 112.38 111.04 111.21
£C2-C3-C4 and £C3-C4-C5 105.38 105.25 105.54 105.50
ZN1-C2-H6 and £N1-C5-H9 120.54 120.99 120.05 120.17
Z£C2-C3-H7 and £C5-C4-H8 127.20 126.26 128.29 128.03

2 C,, stationary points optimized with B3LYP/6-33+H-G(d,p).? See the text for derivation of the conical intersection geomé&®and lengths
are in units of A, and bond angles are in units of degree.

is thus derived as 350.% 2.0 kcal moll. The dominant
/ \ uncertainty in this value is the acidity of the reference acid,
x\\{ >€/J1 CHsSH. While true rate constants for proton-transfer reactions
/Q1 / can be obtained from the overall rate constants by taking account
;: of adduct formation, such a correction makes a negligible
/ \ \H/ H/ difference 0.05 kcal mot?l) in A,idGaogpyrrole). The ex-
N ;'l perimental value of the gas-phase acidity of pyrrole given here
a; mode, 1432 cm’™ a, mode, 882 cm™' is in excellent agreement with previous measurem&8§3.0
+ 2.0 kcal motl. When shifted because of updates in the
relative acidity scale, the previous measurement becomes
identical to the current measurement, 358.9.0 kcal mot .36
The N—H bond enthalpy at #h 0 K limit (i.e., the bond
,_t NJX; ,_4 dissociation energy) has recently been measured accurately by
E;/ \c‘/ \ 7Ny Ashfold et al., using H atom-detected photofragment transla-
tional energy release spectroscépyhis new value of 4.073

ring distortion CNC bend

e

C;—f /3 + 0.005 eV (93.92+ 0.11 kcal mot?) allows determination of
/ \ Hé \ the gas-phase acidity of pyrrole very accurately, using the
H ’
'\ ,ﬁ following thermochemical cycle:

- . -1

a; mode, 1043 em’! b, mode, 2167i cm Aacict'O(RH) — |E(H) + DO(R_H) _ EA(R) (4)

CCH bend + CC stretch
Figure 3. Relative atomic displacements in the normal r_nodes for Here, AacidHo(RH) is the 0 K enthalpy of deprotonation, EA-
pyrrolyl radical. Three amodes for théA; state of pyrrolyl which are (R) is the radical electron affinityDo(R—H) is the bond
active in the photoelectron spectrum, and opmbde for theB, state dissociation energy, andE(H) is the ionization energy of the
of pyrrolylhwhtl)cg_rhas aln |mag|na|rydfrequency. The harmonic frequen- hydrogen atom (13.59844 eV). &0 K enthalpy of deproto-
cies are the results (unscaled). . : ;

( ) nation, 358.0+ 0.4 kcal mot, is related to the 298 K value

mode with an imaginary frequency. This point will be explained through integrated heat capacities:

in the Discussion section.
A . Ho0dRH) = A RH) +
Gas-Phase Acidity. The forward rate constant (eq 2) was ¢ 20 RH) a;'gf()( "
measured for the reaction between pyrrolide and$H{ where JodTCRY) + Cy(H™) — CRH)] (5)

the former was injected &;,; = 20 eV; negligible fragmentation

was observed at this injection energy. For reactions of pyrrolide  The heat capacity integral was evaluated using the thermo-
with CH3SH and pyrrole with CHS™, the overall rate constants  chemical information obtained as a part of the output of the
including proton transfer and adduct formation were measured Gaussian calculations described here. Conversion to the gas-
to be 7.56+ 0.21 x 10 19cm3 st and 4.914+ 0.10 x 10710 phase acidity A,cidG208(RH), is carried out using the entropy
cm?® s71, respectively. The reaction of pyrrolide with G&H is term TAacices Which is also derived from the DFT calculations.
faster than the reverse reaction, indicating that the forward In this way,AacidGz08(RH) is determined to be 3510 0.4 kcal
direction is exoergic in the proton-transfer equilibrium. Using mol~1. The gas-phase acidity determined independently from
these rate constants, the gas-phase acidity{Gog(pyrrole), the equilibrium measurements, 35@:92.0 kcal mot?, is less
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TABLE 2: Thermochemical Parameters for Pyrrole and well-known in atomic system®:51While the angular and kinetic

Pyrrolyl 2 energy dependence of photoelectrons detached from molecular
EA (pyrrolyl)® 2.145+ 0.010 eV orbitals is more complicated, one can still learn about the
Do(pyrroley 93.92+ 0.11 kcal mot? character of the molecular orbitals by comparing the observed
AacidHo(pyrroley 358.04 0.4 kcal mot B values with that found for well-known molecular systems.
2:232;??%3? Sgg_ﬁa?}igﬁa@or Generally, one finds that is negative for -3 eV electrons
AscdGaodpyrroley 351.94+ 0.4 kcal mot? detached fronar molecular orbitals, as observed for the benzyl
AacidG2es(pyrrolef 350.9+ 2.0 kcal mot? anion 3 = —0.42 at an eKE of 2.6 eV) and phenoxig# €

a Acidities and bond enthalpies are associated with theHN _—O.hSS at f"‘” eKEkOf. 1'::’] eV¥: Thlpds’ thr? anIISOtrOpy observed_
hydrogen and N-H bond, respectively? Experimentally determined Int (_3 major_pea s In the pyrrolide photoelectron spec_trum IS
in the present study.Reference 27¢ Determined with EA and  consistent with electron photodetachment from @) orbital
Do(pyrrole) through a thermochemical cycle (see eq 4 in the text). to form ground-state pyrrolyPA,).
¢ Derived fromAqg; rrole) and thermal correction (see eq 5 in the ; e
) Dot om OFY caton B3, Flo Sk SO L., e Phtoeleston spectum of pyol bears s sing
scaled vibrational frequencies were useberived fromAacid-20dpyrrole) . . P P 4 .py. ! P
and AsccSodpyrrole). in the literature a few decades atj@* Photoionization of

pyrrole results in the formation of pyrrole radical cation

accurate but in excellent agreement with this value. Table 2 (p;otonateq pyrrolyl). The ground state of pyrrole radical cation
summarizes thermodynamic parameters for pyrrole and pyrrolyl IS ?A2, as with pyrrolyl. We have carried out a Frang&ondon

radical. analysis of the pyrrole photoelectron spectrum, using structures
and frequencies derived from DFT calculations on pyrrole and
Discussion pyrrole radical cation ground states. This calculated spectrum

reproduced the observed spectrum very well, with three active
vibrational modes and displacements, all virtually identical to
the corresponding modes active in the photoelectron spectrum
of pyrrolide. This finding confirms that the geometric change
- . ; X in the transition from the ground state of pyrrole to the ground
on the DFT calculations for th\, anion and?A; radical gives state of pyrrole radical cation is very similar to that from the

a very good representation of the experimental spectrum (Figure . o
1a ar? dglb). Thpe main peaks in the sppectrum bepsi des th<(a O%iginpyrrollde ground state to the pyrrolyl ground state. The similarity

peak, represent three totally symmetric vibrational modes of in the electronic structure of the ground states of pyrrolyl and
the radical, as depicted in Figure 3. These modes are active inpyrrole J?S;ﬁa' cation has also been observed in the ESR
. o o spectrabfsS:
the spectrum because a substantial shift in the equilibrium ) . .
geometry takes place along these normal coordinates in the  PYTolyl “Bi Transition State. Figure 1b shows that the
transition from the anion ground state to the radical ground State_l;rancleCondon simulation of the photoelectron spectrum of
Pyrrolyl is isoelectronic with cyclopentadienyl. Theorbitals By pyrrolyl predicts a prominent, well-resolved photoelectron

in cyclopentadienyl, analogous to theed h orbitals illustrated ~ SPeCtrum® beginning about 0.5 eV above the ground-state

Pyrrolyl 2A; Ground State. The photoelectron spectrum of
pyrrolide reflects the optical transition from the initial pyrrolide
ground state to the final continuum state composed of pyrrolyl
and a photodetached electron. Fran€ondon analysis based

in Figure 2, are degenerate. Replacement of or¢i@roup ~ ©fgin. No such spectrum is observed, but there appears to be
with a nitrogen atom converts cyclopentadienyl into pyrrolyl & Weak continuum in this region. This state is “missing” because
and reduces the maximum symmetry fr@g, to Cy,. Conse- of a large imaginary frequency at tf@, saddle point. The DFT

quently, there is no symmetry requirement that the pyrralyl calculation with the?B; eI_ectro_nic symmetry finds that one b
orbitals remain degenerate. As Figure 2 shows, therbital mode has a very large imaginary frequency, 2167 . Al

of pyrrolyl has a large contribution from the N 2p orbital, while other calculated freque_nmes are real, with the _smal_lest frequency
the @ orbital essentially consists only of C 2p orbitals. Since P€ing 326 cm. The displacements for this imaginary mode
the N 2p orbital is more stable than the C 2p orbital, the b &€ depicted in Figure 3. The magnitude of the imaginary
orbital will be stabilized compared to the arbital, leading to ~ frequency shows the steepness of the potential energy surface
a ground state G, for pyrrolyl. Indeed, théA, ground state along this no_rmal coordinate. It is W_eII known that the_ sh.ape
has been found in the ESR measurement for pyrrolyl in aqueous?f the potential energy surface is directly related to lifetime
solution3® The Franck-Condon analysis of the photoelectron Proadening in transition-state spectf&?erhaps it is useful to
spectrum of pyrrolide confirms this assignment. consider a specific example of such broadening. rEh@.stfa\te

It is straightforward to rationalize the geometry change ©f cyclooctatetraene (COT) has us structure, and it is a
between the anion ground state and the radical ground state byjfansition state for more stablbzy configurations’**® The
recognizing the nature of the anion orbital from which electron Imaginary frequency for the CO™Ay4 state was calculated to
detachment takes place. The @bital has bonding character e 90 cm™. The relatively small magnitude of this imaginary
between G and G and between £and G, while antibonding frequency indicates that the potential energy surface along this
character is found betweer; @nd G (Figure 2; see the figure normal coordinate is rather flat, and broadgning of the ;pectrum
for Table 1 for atom numbering). Detachment of an electron should be moderate. Indeed, thiq state is manifest in the
from this orbital reduces these bonding and antibonding Photoelectron spectrum of COT negative ion with its origin peak
characters. Thus, the;€C; and G—Cs bonds lengthen, while and a distinct pair of vibrational peaks well resolved, although
the G—C,4 bond shortens upon electron photodetachment to there is a slight increase in the width of photoelectron peaks,
form the2A, ground state of the radical, as found in the DFT When compared with the spectrum for th,, state, which is
calculations (Table 1). a minimum.

The anisotropy paramete$, associated with théA, peaks The relatively large magnitude of the imaginary frequency
in the photoelectron spectrum is abet®.5. The dependence for the pyrrolyl 2B, state suggests that the spectrum would be
of 5 on both the character of the orbital from which the electron broadenedsubstantially The Franck-Condon simulation in
is detached and on the kinetic energy of the photoelectron is Figure 1b was performed with an fwhm of 15 mé&/This line
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Figure 5. Schematic illustration of the potential energy curves of the

two lowest electronic states of (a) pyrrolyl radical, corresponding to a
slice of the potential energy surfaces shown in Figure 4 along the totally
symmetric coordinate, and (b) pyrrole radical cation. The potential
energy separations were calculated at B3LYP/643tG(d,p) level.

mode. The’B; stationary point region of the adiabatic potential
energy surface is perturbed by strong vibronic coupling between

\ the 2A, and?B; states.

Figure 4. Schematic illustration of the potential energy surfaces of ~ Again, a comparison between cyclopentadienyl and pyrrolyl
the two lowest electronic states of (a) cyclopentadienyl and (b) pyrrolyl. is useful. Figure 4a shows a qualitative picture of the adiabatic
potential energy surfaces of cyclopentadienyl along first-order
width represents the instrument resolution and is appropriate Jahr-Teller-active normal coordinates, as discussed most
for the 2A, ground state but not for théB; transition state. If recently by Miller et af®%1The degenerate ground states, ,E
the?B; state has both substantial lifetime broadening and a crossin Ds, geometry are subject to Jahifeller effects, so the
section comparable to the ground state (as is the case for valenceninima are located afs geometries, which form a pseudoro-
electron ejection), then the spectrum would appear as a weak tation path on the Aground adiabatic potential energy surface
broad, featureless continuum, as observed. The Fra@okdon (the moat in Figure 4a). It is not apparent in Figure 4a, but this
simulation for the?A, ground state shows little intensity above pseudorotation path includes ©3, points; five of them have
2.7 eV electron binding energy, and yet the experimental A, electronic symmetry and the other five have éectronic
spectrum exhibits a weak tail up to about 3.1 eV, with a symmetry. The conical intersection is locatedgt geometry.
significantly different anisotropy parameter. Thus, all of these The energy of the conical intersection relative to the minima
observations lead to the conclusion that the broad tail of the was determined to be 0.1534 eV through the analysis of vibronic
photoelectron spectrum above an electron binding energy of 2.6structure in the fluorescence spectrum of cyclopentadi&#jl.
eV reflects transitions to tH8, transition state, with an intrinsic The corresponding adiabatic potential energy surfaces for
width of perhaps 0.1 eV. pyrrolyl can be drawn along;and b normal coordinates, as
As mentioned above, there is a similarity between the shown schematically in Figure 4b. The picture reflects the fact
photoelectron spectra of pyrrolide and pyrrole for the ground that the E" degeneracy has been broken in pyrrolyl, giving
states of pyrrolyl and pyrrole radical catiofAg). The photo- rise to a?A, minimum and?B; saddle point on the ‘Aground
electron spectrum of pyrrole clearly shows a distinctive feature adiabatic potential energy surface. The imaginary frequency for
for the 2B; state of pyrrole radical cation, but the spectrum is the?B; saddle point is associated with thertormal coordinate.
quite broad in contrast to the spectrum for the, state of Following the pseudorotation path starting at #s saddle
pyrrole radical cation. The bro&8; spectrum for pyrrole radical ~ point, the potential energy surface is downhill all the way to
cation parallels the broaB,; spectrum for pyrrolyl. However,  the?2A, minimum. Figure 4b also portrays the proximity of the
the 2B, state of the pyrrole radical cation is a minimum, not a 2B; saddle point and its conical intersection with #e state.
transition state, as discussed in more detail béfow. A one-dimensional slice of the potential energy surfaces of
The Ground Adiabatic Potential Energy Surface.The DFT pyrrolyl along theC,, axis is shown in Figure 5a. B3LYP
calculations predict a saddle point for tH8; electronic calculations again were employed to evaluate the energetic
symmetry of pyrrolyl with an imaginary frequency for a b relation between théA, and?B; electronic symmetries at the

€2
aq
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stationary points (Figure 5a). At tF&, minimum geometry, geometry can spread the transition intensity among a large
the upper potential energ¥R;) is 1.3 eV higher. In contrast,  number of vibronic levels, making th&8; spectrum appear
at the?B; saddle point geometry, the upper potential energy broad®®

Here, the indexa covers all the normal modes while
describes all the relevant electronic states. The last term in eq
6 is the vibronic coupling term. In the pyrrolyl system, the two
relevant electronic states afé, and ?B;. Then, the matrix
elements in the vibronic coupling term are nonzero only when
the nuclear coordinate is a mode. When théB; saddle point

(?A) is located only 0.17 eV above tAB; saddle point. These In the above discussion, the results of DFT harmonic

to rationalize the experimental results. radical cation. The arguments, however, are qualitative in nature.

nuclear configuration in the basis of noncoupled electronic states4703 cnv* for the?B; state of pyrrole radical cation. The results
Hartree-Fock methods), artifactual symmetry breaking is

IIIi Hgaz -

B, 9H 9H structure of the force constafft.”? The situation may be similar

o wl]

i ki k i

‘8Qu 0Q,

i radical cation can be verified by CASSCF frequency analysis,
ing five valencer orbitals and one orbital in the active space.
B; electronic symmetry with aimaginary frequency of 1769

geometry is taken as the reference, the energy separatién of .

and?B; (the denominator of the vibronic term) is quite small, symmetry, with the smallest ;bfrequency of 934 cm.

differences are important properties to characterize the vibronic vibrational frequency calculations are employed to argue for
coupling and can be used in a standard vibronic coupling modelthe pseudo-JahsTeller effects in pyrrolyl as well as pyrrole
A usual starting point in characterizing adiabatic potential The most obvious sign of the qualitative nature comes from
energy surfaces is to expand the Hamiltonian about a referencethe unphysical IR intensity of the;imode with a frequency of
(i.e., diabatic states); up to second-oréfeone finds of the harmonic vibrational frequency analysis are provided in
Supporting Information. In Hartreg=ock methods (and post-
oH 1 o°H AR S ; :
V=V, + Z i‘_ v, +— Z i‘ ubiquitous$®—®8 particularly in open-shell systems. The orbital
T 0Q, 24 3Qa2 instability can interfere with correct prediction of the pole
in DFT calculationg3~77 Recently, Crawford studied this
problem in BNB and ¢" molecules using DFT calculatiori.
; E_E Q. (6) Strong pseudo-JahiTeller effects in pyrrolyl and pyrrole
o k=i Kk~ 5
as proposed by Robb and co-workét3.o this end, CASSCF-
(7,6) calculations were carried out using Gaussiaf 9&lud-
When no electronic symmetry restriction is imposed on con-
figuration state functions (CSF), a transition state is found with
cm! for pyrrolyl. However, when CSF of A electronic
symmetry are removed, a minimum is found withéectronic
nd the vibroni ling term is rather large in maanitud Exclusion of A CSF removes pseudo-Jahneller interactions
a e onic coupling te S rather large agnitu e.. between the Aand B, electronic symmetries from the Hessian

For the ground adiabatic potential energy surface, the vibronic calculation. Similarly, for théB; state of pyrrole radical cation,

term is negative, and if the magnitude of the vibronic term one b mode with a frequency of 1753 crhin the absence of
excgeds that .Of the other quac_jratlc ter_m, th_e reference conflg-A2 electronic symmetry in CSF demonstrates significant increase
uration turlns into a saddle point. The imaginary frequengy of inthe frequency (by more than 1000 chwhen no electronic
2167 cm* for a b, mode for the?B, electronic symmetry is gy metry restriction is imposed on CSF. These CASSCF results
consistent with this idea (but see below). On the other hand, 4r¢ gyajlable in Supporting Information. Thus, CASSCF analysis
the relatively large energy separation at the; minimum  .,rohorates the idea that the pseudo-3Jafeller effects are
geometry suggests that there will be only minor vibronic gypstantial in both pyrrolyl and pyrrole radical cation.
coupling effects on the adiabatic potential energy surface near An attempt was made to leam how close the conical
the minimum geometry. This region 1s, of course, the portion intersection lies to théB; saddle point in pyrrolyl. Algorithms
of conzlguratlon space explored in the photoeleciron spectrum to locate conical intersection points have been developed and
of the %A, groupd stat(?. ) ~ reported in the literatur®-82 First, the state-averaged (SA)
For comparison, Figure 5b illustrates the corresponding CASSCF method! available in the Gaussian 98 suite of

potential energy curves for pyrrole radical cation. T programsi! was employed here. The conical intersection was
potential energy is 0.31 eV higher than fiée; potential energy  0.122 eV above théB; stationary point with SA-CASSCF/6-
at the?B, minimum geometry of pyrrole radical cati6ANotice 311++G(d,p). However, there is a serious concern about this

that the energy ordering is opposite from that for pyrrolyl at method, because it does not account for dynamic electron
the 2B; saddle point geometry; tH8; minimum is located on  correlation. Indeed, significant differences were found in the
the upper adiabatic potential energy surface. The sign of the B3LYP and CASSCF optimized geometries for fite and?B;
vibronic coupling term in eq 6 is positive for the upper adiabatic states. The conical intersection, calculated at B3LYP//SA-
potential energy surface. Thus, vibronic coupling makes the CASSCF, was lower in energy than ti8; saddle point,
upper potential energy surface steeper. Indeed, B3LYP/6- calculated at B3LYP//B3LYP. Thus, the SA-CASSCF method
311++G(d,p) calculations on pyrrole radical cation found that is not meaningful in this context. The energy of the conical
the 2B, state is a minimum, but one Imode has an unusually  intersection calculated with SA-CASSCF for cyclopentadienyl
large frequency of 4703 cm (but see below). Following the is much larger than that determined from experim&hgs:s3
classification of Muller, Koppel, and Cederbaum, pyrrole radical Perhaps, calculations with the multireference configuration
cation has “weakly shifted potential energy surfaces”, and interaction method as described by Yarkony would be more
pyrrolyl has “strongly shifted potential energy surfacéstt reliable, but this is beyond the scope of the present study.
should be remembered that the photoelectron spectrum for the As an alternative, the method developed by Koppel €tal.,
2B, pyrrole radical cation has quite a broad line width even in which the geometry and energy of the conical intersection
though it is not a transition staté.Strong vibronic coupling were evaluated according to analytical expressions, was em-
between the vibrational levels of t#8; state and the dense ployed. Model potentials were used for the two relevant states,
vibrational levels of the?A, state around théB; minimum expanded with respect to the normal coordinates of a reference
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state, pyrrolide anion ground state. The potentials were assumed Conversely, the equilibrium measurements now allow for a

to be harmonic and linear coupling was assumed in the model.
All parameters required in the analytical expressions were
calculated at the B3LYP/6-31#1+G(d,p) level of theory. The
conical intersection was evaluated to be 0.005 eV above the
energy of theB; transition state. However, a strange geometry
was found for the conical intersection. All bond lengths were
very close to those of théB; state, which is reasonable
considering the energetic proximity of the conical intersection
to the?B; saddle point, but the bond angles were closer to those
found for the?A, state. This result was puzzling and we suspect
that the linear coupling approximation may not be adequate
when the conical intersection is located very close to one of
the stationary points while the reference state is rather distant.
Finally, a primitive, but intuitively pleasing, approach to
estimate the energy of the conical intersection was explored.
The atomic displacements between the geometries ofAhe
and?B; stationary points were calculated, and this set of relative
displacements was taken to represent a totally symmetric mode
The geometry was displaced along this coordinate to find the
curve crossing between the two states at the B3LYP level of
theory. This curve crossing can be regarded aCthesonical
intersection minimum. The resultant geometry parameters are
given in Table 1. According to this procedure, the conical
intersection is located 0.010 eV above #Bg saddle point. This
number for pyrrolyl should be a reasonable approximation to
the true conical intersection minimum because the conical
intersection is often close to the line linearly connecting the
two stationary points in the multidimensional sp&tErom this
full set of calculations, we conclude that the energy of the
conical intersection is very close-0.010 eV) to that of the
2B, saddle point.

To give perspective on the conical intersection of pyrrolyl,
consider the known conical intersection of N@he?A; ground
state and théB, excited state of N@interact through vibronic
coupling, and this interaction has been the subject of numerous
experimental and theoretical studiés?® Mahapatra et al.
carried out ab initio calculations to elucidate the effect of
vibronic coupling on the photoelectron spectrum of N&
They used a model potential technique described above, an
the conical intersection was estimated to be 0.049 eV higher in
energy than théB, stationary point. ThéB, state of NQ is a
minimum, not a transition state. A much smaller energy
separation £0.010 eV) between the conical intersection and
the 2B, saddle point found in pyrrolyl is consistent with the
idea that the vibronic coupling effect is much more prominent
in pyrrolyl, so much so that it transforms tRB; state into a
transition state.

Thermodynamics. In our laboratories, we have carried out
gas-phase acidity and EA measurements to determine-tié R
bond dissociation energy (BDE) for several chemical systeais
through a thermochemical cycle (eg?féUsually, the largest
uncertainty in the determination of the BDE arises from the
gas-phase acidity measurements when the reference acid has
large uncertainty in the acidity value. There have been a few
conflicting reports on the NH BDE of pyrrole0:192.103ashfold
recently determined the NH BDE for pyrrole with an
uncertainty of less than 0.010 é¥When combined with the
present EA of pyrrolyl, the gas-phase acidity of pyrrole is
determined quite accuratelacidGogpyrrole) = 351.9+ 0.4
kcal moll. The gas-phase acidity determined in the present
ion kinetics measurements is in excellent agreement with this
value (Table 2).

more accurate determination @f,i¢G299(CH3SH) by using
AacidG20gpyrrole) determined through the thermochemical cycle
as the reference. These results yilgidGoog CH3SH) = 351.6

+ 0.4 kcal mot. Methanethiol is one of the anchor molecules
in the gas-phase relative acidity sc&ef which the reported
absolute acidity is\acidG29s = 350.6+ 2.0 kcal mot 2.3 This
value was determined using eq 4 and an entropy calculation,
and the large uncertainty+-2.0 kcal mof?l) arises almost
exclusively from that in the SH BDE value for CHSH 22 This
current study has measured the acidity difference between
pyrrole and CHSH as 0.3 kcal mot, in perfect agreement with
the original measureme??.Therefore, the new NH BDE of
Ashfold combined with the present EA measurement revises
the absolute gas-phase acidity for £t by 1.0 kcal mot?!

with substantially improved accuracy. This will alter the acidity
values for other molecules that have been referenced by
methanethiol (e.g., C#O, and GHsNO,) along with the
acidity of another anchor moleculex@SH, for which the

relative acidity has also been measured in reference tg CH
22

Conclusion

The photoelectron spectrum of pyrrolide has been measured,
and the EA of pyrrolyl has been determined to be 2.345010
eV. This EA value and the NH BDE of pyrrole reported by
Ashfold?” were combined in a thermochemical cycle to deter-
mine the gas-phase acidity of pyrrol&acidG.0g(RH) = 351.9
=+ 0.4 kcal mott andAacidH208(RH) = 359.44 0.4 kcal mot ™,
The rate constants have been measured for the proton-transfer
reactions in the system of pyrrole and methanethiol, and the
gas-phase acidity of pyrrole has been determined using that of
methanethiol as a reference. The gas-phase acidity of pyrrole
so obtained is in excellent agreement with that determined
through the thermochemical cycle. These results may be
combined, instead, to provide a more accurate measure of the
gas-phase acidity of methanethidl,cidG29s(CHsSH) = 351.6
+ 0.4 kcal mot™.

The photoelectron spectrum of pyrrolide provides useful

Oinformation about both the structure and potential energy surface

of pyrrolyl. The Franck-Condon simulation of the spectrum
based on B3LYP/6-31t+G(d,p) calculations for pyrrolide and
pyrrolyl confirms that the ground state of pyrrolyl 38, and
identifies three harmonic vibrational frequencies active in the
spectrum (925t 65, 10124 25, and 1464+ 20 cnTl). These
totally symmetric modes ofA, pyrrolyl have large displace-
ments along the ring coordinates.

On the other hand, the first excited state of pyrrofg,,
appears broad and featureless, overlapping the tail ofAbe
portion of the spectrum. The DFT calculations predict a saddle
point for the?B, electronic symmetry, reflecting strong vibronic
coupling with the?A; state. The imaginary frequency for a b
mode is calculated to be 21i66m™, indicating that the ground
adiabatic potential energy surface is rather steep along this
Jormal coordinate. Consequently, lifetime broadening is quite
substantial, which can explain the observed spectrum for the
2B, transition state. The term energy for tP&; state is 0.49
eV according to the DFT calculations, but this energy cannot
be determined from the observed spectrum. Comparison has
been made between pyrrolyl and an isoelectronic species,
cyclopentadienyl, with respect to the two lowest electronic states.
This comparison illustrates the effect N atom substitution has
on the molecular orbitals as well as on the potential energy
surface. In addition, the difference in the role of vibronic
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coupling has been discussed between pyrrolyl and pyrrole radical

cation (i.e., protonated pyrrolyl radical).

The present study represents our initial step in an attempt to

Gianola et al.
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