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The a-proton hyperfine coupling is a major source of information useful for identifying the chemical and
physical structure of free radicals. Use of the isotropic component for estimating spin distributions has been
particularly widespread. However, the proportionality between the measured isotropic component and the
unpaired spin is known to depend on radical geometry. Using DFT-based computational methods, this work
explores the geometry dependence with the model struc@yld,(R1)(R2), where R1 and R2 are all
combinations of H, Me, COOH, Niand OH. Results indicate that symmetrical bending of all bonds,to C
from planar to tetrahedral geometries (1) leads to a change in the isotropic component, dependent on the
identity of R1 and R2, which can exceed 200%, (2) leads to very small change in the most-positive dipolar
component (less than 6%), and (3) preserves the property that the vector associated with the most-positive
dipolar component indicates the direction of thgHg bond (within 6 or less). Other geometrical features,
associated with possible constraints from surrounding molecules, also affect the isotropic coupling and
emphasize the need to account for the surroundings when computing optimized structures.

Introduction SCHEME 1. Standard «C,H, Fragment

Hyperfine couplings from magnetic resonance spectroscopy z
are a major source of information useful for identifying the

chemical and physical structure of free radicals. The basic idea R2

is that structural characteristics determine the distribution of T~y

unpaired spin in radicals; in turn, the spin distribution determines /Coc_Hoc
the observable magnetic resonance spectrum. It is important, R1 0

therefore, to have a reliable, quantitative description of radicals
that provides the connection between the molecular structure
and the observable hyperfine interactions. Early in the history effort was spent in learning the range of values @and in
of using EPR spectroscopy to study organic radicals, a high detecting systematic molecular characteristics which might
level of experimental and theoretical activity was undertaken provide predictabl® values. Fessenden and Schéifeported
with the goal of meeting this need. A key result of this activity a comprehensive set of measurements from which the values
was the description of the-proton hyperfine interaction, that ~ and concepts became essentially the standard for applying the
between unpaired spin centered on a carbon atom and theMcConnell relation in analytical problems. In their work with
nucleus of a hydrogen atom bonded directly to the carbon methyl radicals ‘CHz), where p, was taken to be 1.0, the
(Scheme 1). Largely through the theoretical efforts of McConnell measurement ddiso = —23.0 G indicated)so = —23.0 G (or
and co-workers, it was recognized that the isotropic component —64.5 MHz).
of the a-coupling is roughly proportional to the unpaired spin It was also recognized that the theoretical development of
on the carbohand that the most positive dipolar component of the McConnell relation was built on the case where the bonding
the coupling was parallel with the CH boAd. system of the central carbon was planar, while there was no
For free radicals in solution, rapid tumbling averages the reason to expect planarity in all cases. In this connection, Dobbs
dipolar component to zero so that only the isotropic component et al*®reported a systematic set of measurements, coupled with
of the coupling is observable. Since one of the most flexible a geometry-based analysis usid§C couplings, aimed at
methods for producing radicals of known structure is to use describing the way in whick-proton couplings depended on
solutions, a large set of studies for validating and using the nonplanarity, or bending, at the center of spin. A qualitative
McConnell relationships focused on the isotropic relation, result of their work is that nonplanarity at,@an produce a
usually referred to as the “McConnell relation”, shown as eq 1: severe effect on the isotropic coupling: for example, for the
methyl radical as reported abova, s, = —23.0 G; for the
a, o= QL0 (1) diflt_Jorp_methyI radical'(CHFz), in which3C couplings indicate
' ’ a significantly bent € bonding systemagjso = +22.2 G6 a
difference of~200%.
For radicals trapped in solids, particularly those in single
crystals, it is possible to measure both the isotropic and dipolar
components of the hyperfine interaction. Moreover, single-
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In the equationQ;s, is a “constant” angb,, is the unpaired spin
localized on the carbon in the molecufaorbital. Since it was
also recognized early on tha®" is not truly a constant, much
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this background, Bernhatdieveloped an idea initially due to SCHEME 2. Schematic Diagram Defining the Umbrella
Gordy? that the dipolar component of thiecoupling is much Angle ¢

less sensitive to bending than the isotropic component. On the Az

basis of Gordy’s simplified two-center model for the orbital of
the unpaired electron, Bernhard proposed a McConnell-like
relation betweem, and the positive component of the dipolar
coupling as shown in eq 2. On the basis of an analysis of
experimental data, Bernhard proposed the value 38.7 MHz for

C
Quip- Thus, couplings wherep;” values computed from egs 1 ¢
and 2 are significantly different indicate bending at the center
of spin? R1 R? H
by gip= Q:,dippn 2

o o ) ] ] SCHEME 3. Schematic of the Planar Case (Umbrella
In principle, it is possible to compute hyperfine couplings - Angle ¢ = 0) Showing (a) the Generalized Methyl-like
directly from the molecular structure. Successful Computation Structure, (b) the Conformation of Protons in the Methy|
of isotropic values imposes two requirements onto the computa- Groups Relative to the «C,H,(C1)(C2) Plane, and (c}-(e)
tions: (a) an accurate representation of the radical geometryConformations Used for the OH, NH,, and COOH
and (b) a high-quality basis set of orbitals. In fact, one “figure Groups?
of merit” for modern computational methods is their success in H
accurately computing isotropic hyperfine couplings, typically a.) [ b.) /H
that of the methyl radical. With the rapid advancement of /9\ H—C:---H,
computational methods, efforts to compute accurate hyperfine R1 R2 \H
couplings from geometry-optimized radical structures have
appeared frequenthp. Ha
Reasons for the increased interest in computation of hyperfine ¢) H (I: H
couplings are that current quantum-chemistry program suites \N/'\N/ “\0/9\0/"'
not only provide reasonable results for isotropic hyperfine values | |
but also compute the anisotropic values and relate their H H
characteristic directions to the molecular framework. These Hg
computations have the benefit that they directly connect the e |
radical structure with the observable hyperfine couplings. /O\C/ Q\C/o\
Consequently, it is no longer necessaiy principle—to use H I I
spin distributions to connect structures with observable hyperfine
couplings. aFor ¢ = 0, all atoms in structures (€)e) were coplanar.
It is important to note, however, that a straightforward
geometry optimization finds the lowest-energy conformation for umbrella as it folds, describes the planar and tetrahedral cases
an isolated molecule. However, particularly for radicals trapped when¢ = 0° and¢ = 19.5, respectively. (We note that the
in solids, interactions with their neighbors can prevent the pond angles R1{R2, etc., are different for each value @fin
radicals from taking on the optimum gas-phase structure. this mode of bending.)
Consequently, in some cases, the geometry dependence of since our goal was to examine hyperfine couplings in
isotropic couplings has reappeared as an issue. _artificially bent structures, the actual structures were not
_Therefore, we decided on a systematic set of computations geometry-optimized. Rather, to create reasonable structures, we
aimed at characterizing the main geometry dependencies of theyseq typical values for the respective bond angles 20
a-proton hyperfine interaction. Our goal was to examine in more R1G,R2, etc., in the planar structure), and we used bond lengths
detail the geometry dependence of theproton hyperfine  pased on previous optimizations for radicalsqHg, 1.09 A;
coupling characteristics: the value of the isotropic coupling, c,Cye, 1.48 A; G.Cearboxys 1.45 A; G:Onyaronyh 1.36 A; GNamino
the value of the most-positive dipolar component, and the 1 39 A: C=Ocarboxys 1.22 A; C—Ocarboxys 1.36 A. In addition,
correlation between the direction of thet, bond and the e chose conformations of the R1 and R2 groups for the planar
vector associated with the most-positive dipolar component. In gepmetry as shown in Scheme 3. Except for the hydrogens of
essence, the objective is to revisit the McConn@lhesnut, methyl groups, all atoms were coplanar in these structures; the
McConnell-Strathdeé,Dobbs et al’;°and Gordy-Bernhard®  methyl conformation was chosen as indicated in Scheme 3b.
efforts making use of the more sophisticated computational These choices create a symmetric arrangement of all atoms
methods now available to explore the effect of nonplanarity on rejative to the GH, bond for the planar structure when R
a-coupling properties. R2. (We note that these conformations may not correspond to
actual structures found experimentally. In particular, the case
Methods where R1= R2 = COOH is the well-known radical from
To explore the geometry dependence ofdhproton interac- ~ malonic acid crystal¥? and the two COOH’s are probably
tion, we chose the methyl-like structun@Hq(R1)(R2), where  perpendicular to each other in that ca3e.
R1 and R2 were all combinations of the groups H, Me, COOH,  Because of the nonoptimized character of the structures, we
NH,, and OH-for a total of 15 different versions. Hyperfine  have not shown the actual computed hyperfine coupling values
couplings were calculated for each version with the three bondssince they could only approximate the experimental values.
to G, bent equally from the horizontal as indicated by the Instead, we have presented the results as values relative to those
bending anglep in Scheme 2. This bending, like that of an of the corresponding planar structures; this presentation most
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TABLE 1: Gaussian-Reported Total Atomic Spin Distributions for the Indicated (R1)(R2) Structures in Planar (¢ = 0°) and
Near-Tetrahedral (¢ = 20°) Geometrie$

(R1)(R2) (H)(H) (H)(Me) (H)(COOH) (H)(OH) (H)(NB)
0° 20° 0° 20° 0° 20° 0° 20° 0° 20°
Ca 1.074 1.036 1.007 0.975 0.885 0.901 0.876  0.817 0.801  0.740
R1 -0025  —0.012  -0.020 -0020 —0.023 -0061  -0.014 0009 —0011  0.005
R2 -0025  —0.012  -0.039 -0.008 —0.062  —0.014 0.150  0.173 0.222  0.254
(R1)(R2) (Me)(Me) (Me)(COOH) (Me)(OH) (Me)(N (COOH)(COOH)
0° 20° 0° 20° 0° 20° 0° 20° 0° 20°
Ca 0.927 0.906 0.808 0.838 0.844 0.800 0.768 0.719 0.768 0.808
R1 —-0.039  -0.022 —0.024 -0015 —0.041  -0009 -0038 —-0013 —0.073  —0.063
R2 —-0.039  -0.022 —0.038 —0.034 0.136 0.151 0.209 0.231 -0.073  —0.063
(R1)(R2) (COOH)(CH) (COOH)(NB (OH)(CH) (OH)(NH) (NH2)(NH,)
0° 20° 0° 20° 0° 20° 0° 20° 0° 20°
Ca 0.643 0.674 0.535 0.554 0.797 0.731 0.744 0.681 0.722 0.659
R1 0.014 0.003 0.034 0.028 0.105 0.113 0.086 0.091 0.126 0.140
R2 0.163 0.205 0.256 0.322 0.105 0.113 0.160 0.178 0.126 0.140

aThe values for R1 and R2 are those reported for the atoms directly bonded@lt@ough the values include a small amount of s-orbital spin,
the @ vs 20 comparison provides a reasonable indication of any redistribution due to bending.)

structure in the planag(= 0°) and near-tetrahedrap (= 20°)
z 10 et cases. The relatively small differences between the values for
g o5 N \F’\' 2~ (cookcook the two geometries rule out redistribution of spin as the primary
_E’g ~ 25— Mexcoor cause for the bending sensitivity of tleproton hyperfine
g% 00 ‘\\ NN ISR couplings.
©8 45 \ N ] On the basis of the idea that changesn, originate from
g; N ‘\\ —e-(caormy rehybridization of the G-centered orbital system, Dobbs efal.
3210 iiﬂiiiﬁal proposed. a plaus[blle., but emp!rlpgl, relatllons.hlp for describing
s N | —— (oH)oH) the bending sensitivity. Their initial relation is shown as the
4 e Iﬁznﬂégﬁ%) leftmost expression of eq 3a. In eq; is the total unpaired

20 spin in the G-centered lone-electron orbital (LEGg;and b
respectively are the s- and p-character of the LO+ apr

and p, = bpr respectively are the net s- and p-components of
spin in the LEO. Alsocs andc, are parameters derived from
experimental datac, = —22.4 G from methyl radical measure-
ments andcs = 429 G from difluoromethyl radical measure-
ments? Using standard orbital hybridization considerations (with
the approximation that the (hybrids bonding to |, R1, and
clearly shows how then-coupling properties vary as the R2areallidentical), eq 3a can be converted to the corresponding
structure folds. All computations listed below were performed relationship between the umbrella angi§ @nd the coupling
using DFT capabilities in the Gaussian suite of programs with &S given by eq 3b.

the B3LYP functional and the 6-311G(2df,3p) badi©n the . . _

basis of other studies, this functional appears to give results in Bwiso = Css T CpPp = Capr + Gpr = pr(Cca + 6,b) (3a)

good correspondence with experiment. Also, the reasonably
8y is0= pr(Ca+ cp) = prl(c;— ¢ )2 tarf ) +¢] (3b)

high-level basis set minimizes errors which might arise from a
too-restricted version. o
Unfortunately, the spread of results in Figure 1 shows that
this simple relation cannot describe all cases. Although the
reasons for this breakdown may be several, one is that structures
Effect of Umbrella-like Bending at C,. Isotropic Coupling. ~ containing either Nkl or OH groups have nonnegligible
Figure 1 shows the dependence of thgisbtropic coupling on unpaired spin on the N or the O. For example, in the case where
the umbrella angle. Particularly obvious is the high degree to R1 and R2 are both Njithe computecp, spin is~0.12 on
which the coupling changes with the bending angle and that each nitrogen. This raises the prospect that the totaiddpling
the dependence is a strong function of the specific identity of is actually a combination of the “normatl-coupling mechanism
the R1 and R2 groups. For example, in the cases where R1 andnd the hyperconjugativg-coupling mechanism. (This point
R2 are combinations of NHand OH groups (nearly congruent was recognized also by Bernhadin particular, Whiffert>
on the graph), the coupling undergoes a change of more thannoted that the case where unpaired spin resides on both sides
200% as the structure changes from planar to tetrahedral. (Thisof a -proton can lead to a remarkably large tgfatoupling.
is similar to the change quoted above for the difluoromethyl This is because the “effective” spin is more nearly the square
radical.) Notable also is that any structure in which R1 or R2 is of the sum of the two spin amplitudes rather than the simple
either an NH or an OH group is more sensitive to bending sum of the two densitieSper = (\/;1 + @2. For example,
than those with neither group. Table 1 shows the total Mulliken when bothp; andp, are 0.12 0. evaluates to 0.48 using this
atomic spin distributions as reported by Gaussian for each relation. (According to our calculations, the difluoromethyl

5 10 15
Umbrella Angle, degrees
(0° = planar, 19.5° = tetrahedral)

Figure 1. Variation of aqiso for bending theC,Hy(R1)(R2) systems
from planar to tetrahedral geometries (in 24eps). Note the near
congruency of the curves for the systems with R1 and R2 all versions
of OH and NH; note also the change of approximately 225%n,

for these systems.

Results and Discussion
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0 | S 0.094 —— (OH)(OH)

| & B
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dihedral Umbrella Angle, degrees
Figure 2. Variation of “increase@s,’ = (0trirz — Otn) VS €0S Odinedral (0° = planar, 19.5° = tetrahedral)

on bending for theCoHy(R1)(R2) structures indicated. The data points  gigure 3. Variation of by, the most-positive dipolar component of
for each case reflect the computed dihedral angle and isotropic COUp“ngthea-coupling on bending the&S,H.(R1)(R2) systems from planar to

values on bending the structures from planar to tetrahedral geometriesigirahedral geometries. Note the worst-case changes ranging-8tm
(in 2.5° steps). Note the significantly greater sensitivity to bending for 5 4 404

*CouHo(NH2)(NHy) vs *CyHo(H)(NHy). (The values forC,Hq(H)(H) are

shown explicitly as 0 for all angles to indicate its role as the “baseline”.) = 7
.8 R (R1)(R2) Combinations:
. — . . ¢ © Ay
radical should exhibit this behavior also since the valueofor o 5 / A ot
is ~0.07 on each fluorine in a geometry-optimized structure.) = _ A S AN i | S 357 O
To test the extent to which the “adjacent” spin might 3 7 R D AR i 5 T
contribute to the total isotropic coupling with a éo# 253 VDS o= N \\ N D
. . . S o e 0 . A\, o= (o)
dependence, we examined the behavior on bending of the ¢ QS 2 A —>— (e CO0r)
structureSCoHo(H)(H), *CoHo(H)(NH2), and*CoHo(NH2)(NH,). § 1] — Ca hcoon
Specifically, there is no “adjacentt-spin for*CoHq(H)(H); thus, o 4] s AV | B
we treated its behavior as reflecting the “intrinsic” bending E’ | e oy oo
behavior of theeC,H, system. TheCyHq(H)(NH,) structure - 0 5 10 5 20
has only one site of adjacent spin, wHi@H.(NH,)(NH,) has Umbrella Angle, degrees
two adjacent sites and thereby the possibility of exhibiting the (0° = planar, 19.5° = tetrahedral)

“Whlffen effect”. Under the assum.ptllon that total 'S°tr9p'° Figure 4. Angular differencedu) between the vector associated with

couplings from the two amino-containing structures are simply , “and the actual @, vector on bending theC,Ho(R1)(R2) systems

the “intrinsic” a-couplings plus thg-contributions from bend-  from planar to tetrahedral geometries. Note the worst-case difference

ing, we fit the value “increaseds,” = (0trir2 — 0HH) t0 COZ of just over 8 and that most cases differ by less than 3

Oginearaifor each bending anglg with the results shown in Figure

2. (The angléfginedraiwas computed directly from the atomic  dependence ob; on the umbrella angle for the full set of

coordinates for each bending anglg structures considered here. In contrast to the change by 40% to
The results clearly show the significantly increased sensitivity over 200% exhibited by the isotropic coupling, these all lie

to bending of the diamino structure. Moreover, the slopes of within the ranget-4% to—6%. Therefore, these results reinforce

the curves from the two amino-containing structures are different the earlier Gordy Bernhard conclusions and securely establish

in the ratio 2.6:1. If the spins on the amino nitrogens are the the value of dipolar couplings as reliable reporters of spin

same in both structures, the “Whiffen effect” predicts a ratio of distribution.

4:1 since (\/; + \/a_z 2 = 4a2. However, the nitrogen-centered As is mentioned above, one additional piece of information
spins (atp = 20°; see Table 1) are different: the spin is 0.25 from the dipolar couplings i/, , the vector associated with
in the monoamino case and 0.14 on each in the diamino caseb+, which indicates the direction of the,8, bond in the planar
Using these two sets of values and the Whiffen relation, the structure. This property, first described by McConnell and
couplings at = 20° should have the ratio 0.56/0.252.24, a Strathdeé, has played a central and important role in the
value remarkably close to the ratio of slopes given above. identification of radical structures trapped in single crystals. For
Obviously, this overall analysis reflects significant assumptions; that reason, we analyzed the angular difference betWeemd
nevertheless, it also indicates the high probability that the the GiHq bond direction as a function of the umbrella angle,
computeda-couplings reflect a significant effect on bending With the results shown in Figure 4. The figure shows that
from the hyperconjugativ8-mechanism when there is spin on the angular difference, has the following characteristics: (1)
the adjacent atoms. Therefore, this behavior and the “Whiffen 0u ~ 0 at¢ = O (planar geometry) when R¥ R2, as is

effect” predict the possibility that the naturally positigecon- expected on grounds of the symmetry about théibond;
tribution can dominate the naturally negatixeontribution with (2) ou= 0 at¢$ = 0 for most cases when R1 and R2 are
increased bending. In any case, isotropicouplings should  different, indicating that molecular asymmetry about the¢le
become more positive with increased bending. bond is a factor; (3pu changes most over the & ¢ < 20°

Anisotropic CouplingGordy and Bernhard used a simplified  range when R1 or R2 are either OH or Nihdicating an effect
two-center model for the carbon-centered LEO containing the Of the spin on the adjacent group.
unpaired electron to conclude that the dipolar component of —Overall, however, the main result is that that the direction of
the a-coupling is much less sensitive to bending than the V; tracks the GH, bond direction with only minor deviation
isotropic component. Moreover, of the three dipolar components throughout the planar-to-tetrahedral range of bending. The worst
(b+, bo, andb-), they concluded thab., the “most-positive” cases come from the three combinations where R1 and R2 are
component, was the least sensitive. Figure 3 shows the computedNH; and/or OH. Even in these, the difference between the bond
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Summary and Conclusions

o 1.20
£ ~ In summary, therefore, the results presented here demonstrate
§ 115 \ . clearly that the isotropic component afhydrogen hyperfine
o NEANE interactions is highly affected by nonplanarity of the bonding
3 1.10 . - :
I3 . /1T N1 N\ system at the center of spin. In addition, the results reinforce
2 1.05 | / : \ — and strengthen previous conclusions that the dipolar component
2 - : - - of a-couplings is only slightly affected by nonplanarity. A
2 1.00 \4 particularly important result is demonstration that the direction
& .05 — o associated with the “most positive” dipolar coupling reliably
indicates the ¢H, bond direction, even in the case of
0 30 60 90 120 150 180 nonplanarity of the bonds to CFinally, the results reinforce
Dihedral Angle, degrees the need to account for the molecular environment in order to
Figure 5. Variation ofay,iso for both a-hydrogen couplings irC(H)- compute realistic geometry-optimized structures.
(H)(COOH) as the plane of the COOH group is rotated relative to that
of the CH group. The smaller couplings at @nd 180 are from the Acknowledgment. This work was supported by DHHS/NIH/
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