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ABSTRACT: Delocalization of the unpaired electron in 7-
conjugated radicals has profound implications for their chemistry,
but direct and quantitative characterization of this electronic
structure in isolated molecules remains challenging. We apply
hyperfine-resolved microwave rotational spectroscopy to rigorously
probe s-delocalization in propargyl, CH,CCH, a prototypical
resonance-stabilized radical and key reactive intermediate. Using
the spectroscopic constants derived from the high-resolution cavity
Fourier transform microwave measurements of an exhaustive set of
BC- and *H-substituted isotopologues, together with high-level ab
initio calculations of zero-point vibrational effects, we derive its
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precise semiexperimental equilibrium geometry and quantitatively characterize the spatial distribution of its unpaired electron. Our
results highlight the importance of considering both spin-polarization and orbital-following contributions when interpreting the
isotropic hyperfine coupling constants of 7 radicals. These physical insights are strengthened by a parallel analysis of the isoelectronic
species cyanomethyl, CH,CN, using new '*C measurements also reported in this work. A detailed comparison of the structure and
electronic properties of propargyl, cyanomethyl, and other closely related species allows us to correlate trends in their chemical
bonding and electronic structure with critical changes in their reactivity and thermochemistry.

B INTRODUCTION

Propargyl, CH,CCH, is one of the simplest conjugated &
radicals. Like other resonance-stabilized radicals, it plays a
crucial role in hydrocarbon growth in combustion, atmos-
pheric, and astronomical environments.' ™ Its barrierless and
exothermic self-reaction produces benzene and phenyl radical,
the first steps in ring formation,”™” and it contributes to the
initiation and propagation of radical chain reactions proposed
as efficient growth mechanisms for polycyclic aromatic
hydrocarbons (PAHs) and, ultimately, soot and dust particles.”
Characterizing the relationship between the structure and
reactivity of propargyl and similar radicals provides important
insights into the complex chemical pathways that thegf drive.

Spectroscopic observations of propargyl in the gas’ '* and
condensed' >~ phases have established that it exhibits a
planar C,, equilibrium geometry, consistent with a 7-
delocalized resonance structure of intermediate ethynyl methyl
and allenyl character, H,C—C=CH < H,C=C=CH. The
most direct spectroscopic probes of this 7-electron distribution
are electron spin resonance (ESR)''®*' and hyperfine-
resolved microwave'” measurements of nuclear-electron
magnetic dipole interactions, which are sensitive to the
unpaired electron spin density and distribution around each
nucleus of nonzero spin, I. Because '*C has I = 0, prior ESR
and microwave studies of the parent isotopic species have
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reported the hyperfine coupling constants (HCCs) only for the
hydrogen spins, and we thus lack a complete description of the
m-electron system along the carbon backbone. Moreover, with
the exception of one infrared study of H,CCCD,”” there are no
high-resolution gas-phase measurements of partially or fully
deuterated propargyl, which would enable the derivation of its
molecular structure and provide a valuable complementary
picture of its 77 conjugation.

In this paper, we present a comprehensive analysis of the
hyperfine-resolved microwave spectra of an extensive set of
3C- and *H-substituted propargyl isotopologues. The
measured ground-state rotational constants, corrected by
high-level ab initio zero-point vibrational calculations, are
used to derive a precise semiexperimental equilibrium
geometry, while the BC, 'H, and *H HCCs provide a
complete description of the spatial distribution of the unpaired
electron. We show that the *C isotropic HCCs, ag(**C), have
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significant contributions from s/p rehybridization of the singly
occupied 7 orbital induced by out-of-plane zero-point
vibrational motion*>—a one-electron effect of comparable
magnitude to the more commonly considered electron
correlation (spin-polarization) contributions to ag(**C).

The derived equilibrium structure and electronic properties
of CH,CCH are used to evaluate the relative weight of the
nominal ethynyl methyl and allenyl resonance structures in its
ground electronic state, which has important implications for
its patterns of C—C bond formation. This analysis is deepened
by a comparison to several closely related chemical species, in
particular, the isoelectronic cyanomethyl radical, CH,CN, the
3C spectra of which are also reported here for the first time.
Through a parallel analysis of its geometry and hyperfine
structure, we quantify how the radical electron is influenced by
changes in the electronegativity of the 7 system constituents
and connect these differences to trends in their reactivity and
thermochemistry.

B EXPERIMENTAL SECTION

Propargyl radicals were produced in a pulsed discharge-supersonic
expansion source coupled to a cavity-enhanced Fourier transform
microwave (FTMW) spectrometer operating from 6 to 24 GHz.***°
The discharge conditions were similar to that of the original FTMW
experiments by Tanaka et al."> A dilute (0.1—0.2%) mix of an organic
precursor in neon was expanded at a backing pressure of 2500 Torr in
400—600 ps gas pulses at S Hz. A 20—30 mA discharge was struck
during the gas pulse between two copper ring electrodes spaced by 1
cm and held at a 1 kV potential difference. The gas mixture was
expanded into vacuum along the axis of a confocal microwave cavity
formed by two large spherical mirrors, rapidly cooling to a rotational
temperature of approximately 2 K. The molecules in the cavity were
excited with a 1 ps pulse of resonant radiation, and the subsequent
free induction decay was detected by a sensitive microwave receiver,
digitally recorded, and Fourier transformed, resulting in a double-
peaked (Doppler-splitting) line shape centered about the rest
frequency, which is determined to an accuracy of 2 kHz. Three
perpendicular pairs of Helmholtz coils were placed around the
vacuum chamber to null the Earth’s magnetic field, which otherwise
causes large Zeeman splittings of the radical microwave transitions
(well in excess of the ~5 kHz fwhm line width of each Doppler-
doublet component).

The small permanent dipole moment of propargyl (¢ = 0.15 D
required the use of isotopically enriched precursors to generate
detectable amounts of substituted propargyl radicals. H}>CCCH and
H,CC"CH were produced from propene-1-*C, while H,C"*CCH
was produced from propene-2-">C (both supplied by CDN Isotopes).
The deuterated species H,CCCD, HDCCCH, and HDCCCD were
produced from 1,3-butadiene-2,3-d, (CDN Isotopes); D,CCCH was
produced from 1,3-butadiene-1,1,4,4-d, (CDN Isotopes); and
D,CCCD was obtained from 1,3-butadiene-ds (Sigma-Aldrich). At
our source conditions, propene and 1,3-butadiene generated only 10%
of the number of propargyl radicals relative to propargyl chloride,"
which is the most efficient discharge precursor we have measured, but
for which isotopic samples are prohibitively expensive. The yield from
benzene was only 1% relative to that from propargyl chloride,
consistent with the large number of other products produced in
benzene discharges.*®

Cyanomethyl radicals were produced with discharge conditions
similar to those of propargyl using pure samples of *C-labeled
acetonitrile ("*CH,CN and CH}*CN for *CH,CN and CHJ}’CN,
respectively, both supplied by Sigma-Aldrich). The *C species were
readily observed and assigned using predictions based on the well-
determined rotation, fine, and hyperfine parameters of the parent
isotopologue.” ™
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B THEORY

Electronic structure calculations of propargyl were carried out
with the CFOUR program package.”®”’ The equilibrium
geometry was optimized with all-electron coupled cluster
calculations including singles, doubles, and perturbative triples
excitations [CCSD(T)] with a restricted open-shell Hartree—-
Fock (ROHF) reference wave function®® and the Dunning
correlation-consistent triple-, quadruple-, and pentuple-{ basis
sets, cc-pCV(T,Q,5)Z.*" The zero-point contributions to the
rotational constants were determined with second-order
vibrational perturbation theory™ (VPT2) using cubic force
constants calculated by finite differences at the ROHEF-
CCSD(T)/cc-pCVQZ level of theory. The electronic g-tensor
contribution”' was calculated with an unrestricted Hartree—
Fock (UHF) reference wave function at the CCSD(T)/cc-
pCVTZ level of theory. A variety of additional higher-order
corrections were calculated to reach a theoretical prediction of
sub-mA target accuracy.”” The CCSD(T) complete basis set
(CBS) limit was approximated by extrapolation of all-electron
CCSD(T)/cc-pCVXZ structural parameters with X = T, Q, 5.
Scalar relativistic corrections were calculated at the CCSD(T)/
cc-pCVTZ level; quadruple excitation valence correlation
effects by the difference of frozen-core CCSD(T) and
CCSDT(Q) geometries with the cc-pVDZ basis set; and
diagonal Born—Oppenheimer corrections (DBOC) by analytic
DBOC calculations at the HF level with the cc-pCVTZ basis
set.

The isotropic HCCs were evaluated by analytic coupled
cluster gradient methods implemented in CFOUR. Vibrational
corrections to these HCCs were calculated with reduced-
dimension variational vibrational calculations using the
NITROGEN package43 and with full-dimensional VPT,
implemented with Mathematica,”* using CFOUR cubic force
fields. The force fields of both propargyl and cyanomethyl
radicals were first determined at the frozen-core equation-of-
motion ionization-potential (EOM-IP) CCSDT/ANO1 level
of theory based on finite differences of analytic gradients.*>~*
It was anticipated that this approach would provide a reliable
description of the vibrational structure of both radicals, as it
uses a well-behaved closed-shell anion reference wave function,
it includes adequate electron correlation, and the ANO1 basis
set tends to describe systems with multiply bonded carbons
more accurately than Dunning basis sets of similar size.** Next,
from the EOM-IP-CCSDT/ANOI1 optimized structures,
isotropic HCCs were evaluated at the all-electron UHF-
CCSD/cc-pCVQZ level of theory at +0.05 unit displacements
in the EOM-IP-CCSDT/ANO1 dimensionless normal coor-
dinates.*”*”*° First and diagonal second derivatives of the
isotropic HCCs were determined by finite differences and used
to obtain ground-state values via the general expression for a
vibrationally averaged property.”>* VPT vibrational averages
were based on the normal isotopologues of propargyl and
cyanomethyl.

B RESULTS AND DISCUSSION

Rotational and Hyperfine Parameters. Propargyl and
cyanomethyl are both near-prolate asymmetric tops with *B,
ground electronic states. The molecular Hamiltonian includes
fine and hyperfine interactions described by

H=H_+H

rot spin—rot

+ ths
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where H,, is the standard A-reduced (in the I" representation)
rotational Hamiltonian with quartic centrifugal distortion>
and

Hspin—rot = eaaNaSa + €bbl\’bSb + €ccl\rcsc
accounts for spin-rotation interactions.”* The hyperfine term,
H,,, contains an isotropic Fermi contact interaction (ag) and
anisotropic dipole—dipole (T,,, Ty, and T.) coupling for each
nucleus i with I, > 0

Hygi = apS-I; + TS, + TpSpli, + 1eSi

aa~a’ia

where T,, + Ty, + T.. = 0. Nuclear electric quadrupole
coupling, parametrlzed by Xaa and Joby is also added for
deuterium and *N nuclei (I = 1).

Only the Ny x =1y — Oy transition for each isotopo-

logue is within our instrument bandwidth. This transition is
split into several fine and hyperfine components, which are
sufficient to determine only a subset of the spectroscopic
constants, including (B + C)/2, €y, ag, and T, for each dipolar
nucleus (I # 0), as well as y,, for each quadrupolar deuterium
nucleus (I = 1). The best-fit values were optimized with the
SPFIT program® and are summarized in Tables 1 and 2. The

Table 2. Spectroscopic Constants of '*C Cyanomethyl®

parameterb H’CCN H,C"CN
A [284994.4]° [284994.4]°
(B+C)/2 9748.1774(2) 10059.1827(2)
B-C [347.9330]° [369.5179]¢
€ [-661.5305]° [-661.5305]°
by [-23.3460]° [—24.10667]°
€c [-1.97625]° [—2.0383]°
ap(3C) 89.020(10) —63.724(5)
T, —66.136(3) 18.410(3)
Ty, [-67.62]7 [0.585]¢

(N, tred)© (43, 2.6) (40, 2.5)

“All values are in MHz w1th 1o uncertainties in parentheses. Values in
brackets are held fixed. “The quartic centrifugal distortion constants
and hyperfine constants for *N and H nuclei (not shown) are
assumed equal to their values in the normal isotopologue reported in
ref 3S. "Predlcted by scaling the experimental values of the normal
isotopologue™ with the 1sotope shifts calculated using the equilibrium
geometry in ref 31. “Fixed to the equilibrium all-electron UHF-
CCSD(T)/cc-pCVSZ value. “The number of hyperfine transitions
observed and the reduced y value of the fit, assuming a measurement
uncertainty of 2 kHz.

undetermined constants were fixed to (appropriately scaled57)
values of the normal isotopologues of propargyl'”> and
cyanomethyl,>> or to calculated values as described in the
table notes. The complete measured line lists and fit files are
available in the Supporting Information.

Semiexperimental Equilibrium Geometry. Although
the microwave data set of propargyl is insufficient to determine
all three rotational constants independently, the large number
of isotopologues does permit a structure determination using
the measured values of just (B + C)/2 (and B — C of the main
isotopologue). After correcting for zero-point vibration and
electronic contributions to the rotational constants using the
theoretical calculations summarized in Table 3, we performed a
least-squares optimization of the five independent structural
parameters (two CC bond lengths, two CH bond lengths, and
one CCH bond angle assuming planar C,, symmetry) to derive
a semiexperimental equilibrium geometry, rs. The bestfit
structure, shown in Figure 1, reproduces the measured values

SN 1.3749(4) 1.2220(4) 1.0610(2)

120.457(8)°

Figure 1. Semiexperimental equilibrium structure of propargyl. Bond
lengths are shown in A. The value in parentheses is the 2-¢
uncertainty (in units of the last digit). The principal a and b axes are
labeled.

of (B + C)/2 for the nine isotopic species with an rms residual
of 27 kHz. The best theoretical r, estimate (Table 4) agrees
with the semiexperimental equilibrium geometry to sub-mA
accuracy.

An equal balance between the nominal ethynyl methyl and
allenyl resonance structures

CH,-C=CH < CH,=C=CH

would imply effective CC bond orders of 1.5 and 2.5 for the
CH,—CCH and CH,C—CH bonds, respectively.'®'**" This
qualitative representation is borne out by a comparison of the
equilibrium structure of propargyl to several closely related
species, the CC bond lengths of which are collected in Table 5
The CH,—CCH bond in propargyl is 0.083 A shorter than the
single bond in either propyne or acetonitrile, while it is only
0.043 A longer than the double bond in propene or ethylene.

Table 3. Vibrational and Electronic Corrections to Propargyl Rotational Constants”

parameterb H,CCCH H,CCCD D,CCCH D,CCCD
A, 290279.8 290279.8 145251.5 145251.5
B, 9527.1 8629.5 8494.8 7722.2
C. 9224.4 8380.4 8025.5 7332.4
A, — A 2102.9 2159.2 669.4 684.9
B, — B, 11.4 7.0 6.9 3.6
C.— G 24.7 18.0 21.0 15.6
AAy —177.290 —177.290 —44.410 —44.410
AB,; —0.092 —0.076 —0.074 —0.061
AC, 0.061 0.050 0.046 0.038

DHCCCH HDCCCD H,CC"CH H,C"CCH Hi*CCCH
199258.6 199071.9 290279.8 290279.8 290279.8
8960.2 8133.1 9235.0 9525.8 9244.3
8574.6 7813.8 8950.2 9223.1 8959.0
903.6 914.6 2104.6 21132 2109.3
9.1 53 11.8 11.5 10.6
23.0 16.9 24.3 24.8 232
—83.510 —83.360 —177.290 —177.290 —177.290
—0.082 —0.067 —0.087 —0.092 —0.087
0.052 0.044 0.057 0.061 0.057

“All values are given in MHz. YThe equilibrium (A,, B, and C,) constants are calculated at the ROHF-CCSD(T)/cc-pCVQZ level of theory. The

zero-point corrections (A, — Ay, B, —

By, and C, — C,) are calculated with VPT and cubic force constants with the same electronic structure

method. The electronic (rotational g tensor) corrections (AA,, ABy, and AC,)) are calculated at the UHF-CCSD(T)/cc-pCVTZ level of theory.

1515 https://doi.org/10.1021/jacs.3¢11220

J. Am. Chem. Soc. 2024, 146, 1512—1521


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11220/suppl_file/ja3c11220_si_001.zip
https://pubs.acs.org/doi/10.1021/jacs.3c11220?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11220?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11220?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11220?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c11220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Table 4. Theoretical (r,) and Semiexperimental (r:t) Equilibrium Structures of Propargyl®

parameter 2e-CCSD(T)/CBS Ay X 10*
r(H,CCC—H) 1.06136 -1
r(H,—~CCCH) 1.07810 -13
r(H,CC=CH) 122174 26
r(H,C—CCH) 1.37421 2.6
£(HCC) 120.482° —40

Argg X 10* Apgoc X 10* best r, 1SEb
—0.9 +1.4 1.06126 1.0610(2)
+1.7 +13 1.07827 1.0789(1)
+9.6 12 122232 1.2220(4)
+1.6 +0.6 1.37417 1.3749(4)

+60 —261 120.458 120.457(8)

“All values are in A or degrees. “The value in parentheses is the 2-¢ uncertainty in units of the last digit. “The 2(HCC) angle exhibited
nonmonotonic changes with increasing basis set size. In lieu of an exponential extrapolation, its CBS limit was estimated by the optimized

CCSD(T)/cc-pCVSZ value.

Table 5. Equilibrium CC Bond Lengths in Small Hydrocarbon and Nitrile Molecules and Radicals

molecule fe—c fe—c fe=c reference
CH,CCH 1.45884(6) 1.20460(7) 58
CH,CCH, 1.307(1) 59
CH,CN 1.4586(3) 60
C,H, 1.202866(72) 61
C,H, 1.3305(10) 62
CH,CHCH, 1.49530(25) 1.33148(26) 63
-CH,CN 1.3903(5) 31
-CH,CCH 1.3747(5) 1.2222(5) this work

Conversely, the CH,C—CH bond in propargyl is
0.017—0.019 A longer than the C=C triple bond in propyne
or acetylene. These significant bond length differences are
evidence of 7-delocalization of the unpaired electron along the
carbon backbone.

It is also insightful to compare the structure of propargyl
with the isoelectronic cyanomethyl radical, CH,CN. While the
CC single bonds in the parent molecules CH;—CCH and
CH;—CN differ by less than 0.001 A, the CH,—CN bond
length is 0.016 A longer than the CH,—CCH bond length,
which indicates that the unpaired electron is more highly
localized at the CH, center in CH,CN than in CH,CCH. This
outcome is what would be expected based on the relative
electronegativities of the =N vs =CH fragments. The
hyperfine coupling parameters of CH,CCH and CH,CN,
discussed below, provide complementary and additional direct
evidence for this change in the electronic structure.

Hyperfine Structure. HCCs provide direct measurements
of the electronic wave function of open-shell molecules. The
isotropic, or Fermi contact, coupling constant, ag, is propor-
tional to the electron spin density at each nucleus

az = 800.237 MHz X gp(0) (1)

where p(0) is the total electron spin density at the given
nucleus (in a.u.), and g is its nuclear g—factor.64 The anisotropic
HCC T,, provides additional information about the orientation
of the unpaired spin density about the a symmetry axis®

T, = 95.521 MHz x g x (320 L,

aa . g r3 unpaired (2)
where r (in a.u.) is the distance from the given nucleus and 6
the angle with respect to the a axis.

In the original microwave study of propargyl by Tanaka et
al,'” the proton ay constants of the parent isotopologue were
used to infer the spin population of the neighboring C p,
orbitals indirectly with the well-known empirical relation
describing this spin-polarization effect,”® ap(H) ~ Qp,, where
Q = —64 MHz and p, is the total spin population in the
atomic p,, orbital. Using this relation, they estimated p, ~ 0.84

and 0.56 for the methylenic (CH,) and acetylenic (CH)
carbon atoms, respectively. Assuming the total 7z spin
population of the three C atoms is unity, this implies that p,
~ —0.40 for the central C atom. The analysis of the *C
isotopic species in this work in principle provides a direct
characterization of the 7 spin populations, but a meaningful
analysis requires an accurate accounting of the contributions to
the measurable isotropic and anisotropic *C HCCs.

We first focus on the isotropic constants (ap) and two
effects—spin polarization and orbital following—that contrib-
ute to the spin densities at the atomic nuclei. For planar 7
radicals like propargyl and cyanomethyl, the singly occupied
molecular orbital has a node in the plane of the molecule.
Thus, an ROHF wave function has exactly zero spin density at
the atomic nuclei. A correlated electronic wave function
accounts properly for interactions between the unpaired 7
electron and paired o electrons, which increase the spin density
in the shared atoms’ s orbitals and decrease the spin density at
adjacent atoms.”® In methyl radical, for example, where p, ~ 1,
the spin density is about +0.070 a.u. at the C nucleus (at the
planar equilibrium geometry) and —0.014 a.u. for each of the
adjacent H nuclei.”’

A second important source of nonzero spin density in &
radicals is orbital following upon vibrational deformation.”
When the molecule is bent out of plane, the p, orbitals mix
with the 2s orbitals. Even a small amount of s character leads to
a large increase in the net spin density owing to the
considerable 2s orbital density at the atomic nucleus
(Ips(0)P =~ 3.36 au. for C®®). The extent of orbital mixing
is proportional to the amplitude of out-of-plane deformations,
so this effect is most important for C atoms bonded to H
atoms, the small masses of which result in significant out-of-
plane amplitude, even in the zero-point vibrational level. For
CH,, the vibrationally averaged contribution to the C nuclear
spin density is about +0.026 a.u., a considerable fraction (40%)
of the spin-polarization contribution. Because the orbital
following is predominately a one-electron effect, it can be
treated accurately with relatively simple quantum chemical
methods. However, it is also essential to use an accurate

1516 https://doi.org/10.1021/jacs.3¢11220

J. Am. Chem. Soc. 2024, 146, 1512—1521


pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c11220?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

anharmonic zero-point vibrational wave function to calculate

the vibrationally averaged value,”””°

which may require more
sophisticated electronic structure methods than the electronic
property surface itself.

A simple one-dimensional picture of the out-of-plane

deformations of CH; and the —CH, group of propargyl is

0.301

—— "3CH3
0.259 —e— 13CH2CCH
0.20+
0.154

0.10+

Spin density (a.u.)

L6
H\\"ycl

H R

Energy (cm™)

9 95 100
0 (degrees)

105 110

Figure 2. Out-of-plane deformation of methyl and propargyl. The top
panel shows the unpaired electron spin density at the carbon nucleus
versus the out-of-plane pyramidal bending angle, 6. The bottom panel
shows the potential energy curves and corresponding one-dimensional
probability densities, |¥(0)I%. The calculations were performed at the
UHF-CCSD(T)/cc-pCVQZ level of theory, holding all structural

parameters except 6 to their equilibrium values.

shown in Figure 2. The top panel shows the spin density at the
BC nucleus as a function of the out-of-plane angle. At the
planar equilibrium geometry (6 = 90°), there is a small,
positive spin density of 0.050—0.070 a.u. from 7—oc spin-
polarization. As the molecule is bent out of plane, the spin
density quickly increases as the & orbital rehybridizes. The
corresponding vibrational potential energy curves are plotted
in the bottom panel along with the zero-point vibrational
probability densities, I¥(0)I>. The spin density in '*CH,
increases from its equilibrium value of 0.065 au. to a
vibrationally averaged value of 0.087 a.u., an increase of 34%,
in good agreement (considering the one-dimensional approx-
imation) with the experimentally derived vibrational contribu-
tion of 40%.°”

The methylenic —CH, fragment of propargyl behaves
similarly to methyl. Its equilibrium and vibrationally averaged
C spin densities are 0.052 and 0.062 a.u., respectively, an
increase of 20%. Although not as large as methyl, the
vibrational correction in propargyl is still substantial. The
absolute orbital-following contribution to the spin density is
actually quite similar to that of methyl for a given 6. The
smaller net correction reflects instead the more contracted
zero-point motion of propargyl, which is due to both its tighter
bending force constant and the larger effective mass of its out-
of-plane vibrational mode.

The acetylenic —CH fragment of propargyl is also
susceptible to orbital-following effects, as illustrated in Figure

1517

3, which shows two-dimensional spin density and potential
energy contour plots as a function of the out-of-plane () and
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Figure 3. Bending deformation of the acetylenic hydrogen in
propargyl. The top panel shows a map of the unpaired spin density
at the terminal acetylenic C nucleus versus the out-of-plane () and
in-plane (¢)) bending angles, defined schematically in the inset. The
bottom panel shows the corresponding two-dimensional potential
energy surface. The hatched region fills the 95% boundary of the zero-
point vibrational probability density, I¥(6, ¢)I*

in-plane (¢) bending angles of the hydrogen atom. Like the
—CH, fragment, out-of-plane deformations have a large effect
on the C spin density, acquiring a significant s character as the
geometry approaches that of an allenyl configuration.
Deformations within the plane of the molecule have little
effect on the hybridization. The C spin density increases from
0.025 a.u. at the equilibrium geometry to 0.034 a.u. averaged
over the two-dimensional vibrational zero-point wave function.
This 36% increase is comparable to that observed in CH; and
even larger than the fractional change of the —CH, fragment in
propargyl.

Reduced-dimension models capture the qualitative orbital-
following effects at play, but a quantitative comparison with the
experiment requires accurate full-dimensional vibrational
averaging. Tables 6 and 7 summarize our best theoretical
estimates for the equilibrium spin densities and ground-state
VPT vibrational corrections of propargyl and cyanomethyl,
calculated as described in the Theory section above. The tables
also include the experimental spin densities derived from the
measured isotropic hyperfine constants, ap, which are

Table 6. Theoretical and Experimentally Derived Spin
Densities of Propargyl”

nucleus De Apg, total measured”
H (meth.) —12.38 +0.31 —12.07 —12.13(2)°
C (meth.) 54.62 +16.60 71.22 69.47(4)7
C (center) —62.59 +3.85 -58.73 —58.09(3)¢
C (acet.) 3222 +14.42 46.64 45.66(4)7
H (acet.) -8.76 +0.66 —8.10 —8.126(5)¢

“All values are given in 107 a.u. The values in parentheses equal the
2-0 uncertainties in units of the last digit. “Ref 12. “This work.
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Table 7. Theoretical and Experimentally Derived Spin
Densities of Cyanomethyl”

nucleus De Apgip total measured”
H —14.06 +0.27 ~13.79 —13.340(7)°
C (meth.) 66.21 +19.57 85.77 79.186(9)
C (nitrile) —64.19 +0.65 —63.54 —56.684(4)°
N 31.02 +0.32 3134 29.36(1)°

“All values are given in 107> a.u. bThe values in parentheses equal the
2-0 uncertainties in units of the last digit. “Ref 35. “This work.

presented graphically alongside the ab initio spin density
isosurfaces in Figure 4. The excellent agreement between the
measured and calculated ground-state spin densities suggests
that both the theoretical equilibrium (i.e., spin-polarization)
and vibrational (ie. orbital-following) contributions are
accurate.

In propargyl, the equilibrium spin densities at the terminal C
nuclei are dominated by spin-polarization by a local p, orbital;
therefore, their relative magnitude is likely a reasonable
estimate of the relative atomic spin population. The calculated
methylenic/acetylenic ratio is 1.7, which is somewhat greater
than the value of ~1.5 derived from the spin-polarization of
their bonded H atoms.'” The relative spin population on the
central C atom cannot be so easily inferred from its
equilibrium spin density because its spin-polarization con-
tribution is dominated instead by p, orbitals on neighboring
atoms, which contribute to the spin density with a different
constant of proportionality (and, indeed, sign). The analysis of
the experimental spin densities is further complicated by the
large and unequal vibrational orbital-following contributions to
each C atom. The methylenic and acetylenic C atoms exhibit
vibrational corrections of +30 and +45%, respectively, due to
out-of-plane vibrations of their bonded H atoms. The central C
atom has only a small vibrational contribution of a few percent
because it is bonded only to other heavy atoms.

Similar effects are calculated and observed for cyanomethyl.
The measured spin density for each atom is remarkably similar
to that of the corresponding atoms in propargyl, except for the
acetylenic C in propargyl and the N atom in cyanomethyl. The
measured spin density for the former is 50% larger than that
for the latter. This difference is almost entirely due to C—H
vibrational corrections that are absent for the N atom. The
calculated equilibrium spin densities in fact differ by only 4%,
from which we can conclude that the total atomic spin
populations are similar.

These issues highlight the difficulty in using isotropic HCCs
alone to infer the atomic spin populations in 7 radicals. In
contrast, the anisotropic coupling parameter, T,,, provides a
more selective, direct, and robust electronic probe of the 7 spin
density. This quantity is proportional to the expectation value
of ([3cos’(§) — 1]/r') over the unpaired electronic spin
density, where r measures the distance from a given nucleus,
and 6 is the angle with the inertial a axis. For C and N, the
anisotropic coupling parameters are sensitive to the spin
population in the local atomic p orbitals because of the rapidly
damped 73 factor and the [3cos*(6) — 1] angular factor,
which is zero for s orbitals. The experimental spin anisotropies
derived from the measured T, parameter for each nucleus (eq
2) are summarized in Figure 4. The ratio of the methylenic and
acetylenic C atoms is 1.59, which we believe is the most robust
experimental estimate of the ratio of their spin populations. In
the language of resonance forms, this implies relative
contributions of the idealized ethynyl methyl and allenyl limits
of

CH,-C=CH < CH,=C=CH
61% 39%

Based on an atomic partitioning of an ROHF-CCSD(T) spin
density using Mulliken populations, Jochnowitz et al.'’
estimated these contributions to be 65 and 35%, respectively.

A parallel analysis can be applied to cyanomethyl. The
atomic {r®) expectation values of the C and N 2p orbitals are
2.0 and 3.6 a.u,, respectively. After correcting for this factor in
the measured anisotropies, the ratio of their p, spin
populations is 2.18, i.e.,

CH,-C=N < CH,=C=N
69% 31%

While the unpaired electron prefers to reside at the methylene
C atom in both molecules, this asymmetry is considerably
stronger in cyanomethyl. The imbalance is driven by the larger
electronegativity of N vs C, presenting a simple but vivid
illustration of basic resonance concepts from organic
chemistry.

The unpaired spin distribution in 7-conjugated radicals has a
profound effect on their reactivity and thermochemistry. The
structural and electronic properties derived from our
spectroscopic measurements imply a preference for radical
attack and recombination at the methylenic C atom in both
propargyl and cyanomethyl. This conclusion is supported by a

CH,CCH

| 69.47(4) -58.09(3) 45.66(4)
a

~12130 ; ~ -8.126
~2647(4 " \ 3.261

—43.962(5) 13.922(4) —27.576(4) <

0(0) x 10%/a.u.

3cos?0 -1

CH,CN

79.186(9) —56.684(4) 29.36(1)

-13.340(7
—2.974(1) 4

>><102/a.u. —49.285(2) 13.720(2) —40.565(8)

npaired

Figure 4. Electronic spin densities of propargyl and cyanomethyl. The spin density isosurface (frozen-core ROHF-CCSD(T)/cc-pVTZ) is plotted
at p = + 0.00S a.u. (solid contours = +, dashed contours = —). The numbers above each atom (black) are the experimentally derived vibrationally
averaged spin densities at the atomic nuclei, and the numbers below (blue) are the respective spin anisotropies about the a axis. Values for the

protons are derived from the normal isotopologues'**®

and those for the carbon nuclei from the single-">C isotopic species (Tables 1 and 2).
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variety of experimental findings. For example, O, addition to
propargyl in low-temperature argon matrices’ and liquid
helium droplets’” results in exclusive formation of the
propargyl peroxyl radical, *OO—CH,—C=CH. No ‘00—
CH=C=CH, isomer is observed because addition at the
methylenic C has a very small or zero barrier while addition at
the acetylenic C has a barrier of ~3—8 kcal/mol.”*~"> The
increased localization of the unpaired electron in cyanomethyl
compared with propargyl is reflected in the bond dissociation
energies (BDEs) of their closed-shell parents. The BDEs are
Dy(H—CH,CN) = 95.18(14) kcal/mol and Dy(H—CH,CCH)
90.21(7) kcal/mol (obtained from the Argonne Active
Thermochemical Tables, ATcT’®~7%), implying a decrease of 5
kcal/mol from the CH,CN resonance stabilization energy
relative to CH,CCH. The delocalized “bidentate” radical
character of propargyl leads to three initial self-reaction
adducts: head-to-head (CH,CCH—CHCCH,), tail-to-tail
(CHCCH,—CH,CCH), and head-to-tail (CH,CCH-
CH,CCH),”” while the comparatively “monodentate” cyano-
methyl can only recombine by forming a C—C bond.”

B CONCLUSIONS

We have presented a comprehensive analysis of the molecular
geometry and s-delocalized electronic structure of propargyl
and cyanomethyl, two prototypical organic radicals. These
properties elucidate trends in the reactivity and bond energies
within their isoelectronic chemical family, showing a vivid
example of the effects of changes in the relative electro-
negativity. It would be illuminating to extend this structural
analysis to the *C and 7O isotopologues of other species
isoelectronic to propargyl and cyanomethyl, such as the ketenyl
(OCCH)™®" and isocyanato (NCO) radicals.**™ These
molecules are linear or quasilinear, with Renner—Teller-active
I electronic states.”" " The high electronegativity of O
should make O=C=CH®* and *N=C=O the dominant
resonance forms, which is a simple prediction to test with the
electronic property information revealed by hyperfine analysis.
Recent advances from our laboratory in the hyperfine-resolved
rotational spectroscopy of aromatic’’ and organometallic”
radicals demonstrate that exhaustive isotopic analysis has the
potential to quantify the precise structural and electronic
properties of even larger and more chemically diverse species.
These types of studies will provide the vital physical insights
needed to understand the pivotal role radicals play in the
chemistry of atmospheric, combustion, and astrophysical
environments.
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