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Abstract Quantum chemical calculations have been carried
out to understand better solvent effects on the isotropic muon
and proton hyperfine coupling constants in the C¢H¢Mu® rad-
ical. Both polarizable continuum solvent models and explicit
inclusion of water molecules into supermolecular complexes
were used. Changes in the hyperfine couplings of in-plane
hydrogen atoms are very small and difficult to discuss, partly
due to relatively large experimental error bars. In contrast, the
out-of-plane proton and muon hyperfine couplings exhibit
more pronounced changes. These are partly due to struc-
tural changes of the radical and partly due to direct electronic
polarization effects. Polarizable continuum solvent models
agree well with experimental changes for benzene but over-
shoot the enhancement of the hyperfine couplings for water.
Explicit inclusion of water molecules reduces this overesti-
mated spin density increase and thereby tends to bring theory
and experiment into closer agreement. The enhancement of
the spin density on the out-of-plane hydrogen or muon atoms
by the solvent environment is mainly due to an increased
polarization of the singly occupied MO towards this side.

Keywords Cyclohexadienyl radical - Density functional
theory - Spin density - Hyperfine coupling - Solvent effects

Electronic Supplementary Material Supplementary material is avail-
able for this article at http:// dx.doi.org/10.1007/s00214-005-0680-x

M. Straka

Department of Chemistry,

P.O. Box 55 (A .I. Virtasen aukio 1) University of Helsinki,
FIN-00014, Helsinki, Finland.

Fax: +358-9-19150279

M. Straka - M. Kaupp (<)

Institut fiir Anorganische Chemie,

Am Hubland, 97074 Wiirzburg,
Germany

E-mail: kaupp @mail.uni-wuerzburg.de

E. Roduner

Institut fiir Physikalische Chemie,

Universitit Stuttgart, Pfaffenwaldring 55, 70569, Stuttgart,
Germany

E-mail: e.roduner @ipc.uni-stuttgart.de

1 Introduction

The electron spin resonance spectrum of the cyclohexadie-
nyl radical, C¢H3, has been of interest since its discovery
more than four decades ago [1,2]. In recent years, the empha-
sis has been on its use as a spin label for the investigation
of as diverse environments as lipid membranes or zeolite
cages, either by EPR on cyclohexadienyl itself [3], or by
muon spin resonance (SR) on the muoniated cyclohexa-
dienyl analogue, C¢H¢Mu® [4]. However, in contrast to the
more widely used nitroxide spin labels, the effect of envi-
ronment on the EPR parameters of cyclohexadienyl is much
less understood. In the case of nitroxides, the g—tensor com-
ponent along the N-O bond direction (gxx) and the nitrogen
hyperfine coupling component perpendicular to the plane of
the ring structure (A,;) have been applied to probe solvent
polarity and hydrogen bonding of the local environment. The
dependence of these parameters on the dielectric constant
was investigated both experimentally and using theoretical
methods and is reasonably well understood [5]. These effects
served also to determine, e.g., the degree of water penetration
into the hydrophobic region of phosholipid membranes [5—
7], the polarity and hydrogen bonding ability at various spin-
label sites of the protein bacteriorhodopsin [8] or the location
of water uptake into cotton [9]. Itis mainly the detailed under-
standing of environmental effects on their EPR parameters
that makes these spin labels so valuable.

In the context of the use of CcdHgMu® as a spin probe
in zeolites, [4] the effect of a sodium cation on its hyper-
fine parameters has been modelled theoretically [10]. More
recently, CcH¢Mu® has been used to study the partitioning
of co-surfactant molecules between the polar aqueous and
the non-polar lipid environments of lamellar phase surfac-
tant dispersions [3]. These types of measurements provide
evidence of a gradient of water molecules from the water
— surfactant interface into the bulk of the surfactant struc-
ture. However, the ortho-, meta-, and para-isomers of the
substituted cyclohexadienyl radicals revealed partly conflict-
ing polarity information, even in isotropic solutions. This


Used Distiller 5.0.x Job Options
This report was created automatically with help of the Adobe Acrobat Distiller addition "Distiller Secrets v1.0.5" from IMPRESSED GmbH.
You can download this startup file for Distiller versions 4.0.5 and 5.0.x for free from http://www.impressed.de.

GENERAL ----------------------------------------
File Options:
     Compatibility: PDF 1.2
     Optimize For Fast Web View: Yes
     Embed Thumbnails: Yes
     Auto-Rotate Pages: No
     Distill From Page: 1
     Distill To Page: All Pages
     Binding: Left
     Resolution: [ 600 600 ] dpi
     Paper Size: [ 595 842 ] Point

COMPRESSION ----------------------------------------
Color Images:
     Downsampling: Yes
     Downsample Type: Bicubic Downsampling
     Downsample Resolution: 150 dpi
     Downsampling For Images Above: 225 dpi
     Compression: Yes
     Automatic Selection of Compression Type: Yes
     JPEG Quality: Medium
     Bits Per Pixel: As Original Bit
Grayscale Images:
     Downsampling: Yes
     Downsample Type: Bicubic Downsampling
     Downsample Resolution: 150 dpi
     Downsampling For Images Above: 225 dpi
     Compression: Yes
     Automatic Selection of Compression Type: Yes
     JPEG Quality: Medium
     Bits Per Pixel: As Original Bit
Monochrome Images:
     Downsampling: Yes
     Downsample Type: Bicubic Downsampling
     Downsample Resolution: 600 dpi
     Downsampling For Images Above: 900 dpi
     Compression: Yes
     Compression Type: CCITT
     CCITT Group: 4
     Anti-Alias To Gray: No

     Compress Text and Line Art: Yes

FONTS ----------------------------------------
     Embed All Fonts: Yes
     Subset Embedded Fonts: No
     When Embedding Fails: Warn and Continue
Embedding:
     Always Embed: [ ]
     Never Embed: [ ]

COLOR ----------------------------------------
Color Management Policies:
     Color Conversion Strategy: Convert All Colors to sRGB
     Intent: Default
Working Spaces:
     Grayscale ICC Profile: 
     RGB ICC Profile: sRGB IEC61966-2.1
     CMYK ICC Profile: U.S. Web Coated (SWOP) v2
Device-Dependent Data:
     Preserve Overprint Settings: Yes
     Preserve Under Color Removal and Black Generation: Yes
     Transfer Functions: Apply
     Preserve Halftone Information: Yes

ADVANCED ----------------------------------------
Options:
     Use Prologue.ps and Epilogue.ps: No
     Allow PostScript File To Override Job Options: Yes
     Preserve Level 2 copypage Semantics: Yes
     Save Portable Job Ticket Inside PDF File: No
     Illustrator Overprint Mode: Yes
     Convert Gradients To Smooth Shades: No
     ASCII Format: No
Document Structuring Conventions (DSC):
     Process DSC Comments: No

OTHERS ----------------------------------------
     Distiller Core Version: 5000
     Use ZIP Compression: Yes
     Deactivate Optimization: No
     Image Memory: 524288 Byte
     Anti-Alias Color Images: No
     Anti-Alias Grayscale Images: No
     Convert Images (< 257 Colors) To Indexed Color Space: Yes
     sRGB ICC Profile: sRGB IEC61966-2.1

END OF REPORT ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Job Option File
<<
     /ColorSettingsFile ()
     /AntiAliasMonoImages false
     /CannotEmbedFontPolicy /Warning
     /ParseDSCComments false
     /DoThumbnails true
     /CompressPages true
     /CalRGBProfile (sRGB IEC61966-2.1)
     /MaxSubsetPct 100
     /EncodeColorImages true
     /GrayImageFilter /DCTEncode
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /EmitDSCWarnings false
     /CalGrayProfile ()
     /NeverEmbed [ ]
     /GrayImageDownsampleThreshold 1.5
     /UsePrologue false
     /GrayImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /AutoFilterColorImages true
     /sRGBProfile (sRGB IEC61966-2.1)
     /ColorImageDepth -1
     /PreserveOverprintSettings true
     /AutoRotatePages /None
     /UCRandBGInfo /Preserve
     /EmbedAllFonts true
     /CompatibilityLevel 1.2
     /StartPage 1
     /AntiAliasColorImages false
     /CreateJobTicket false
     /ConvertImagesToIndexed true
     /ColorImageDownsampleType /Bicubic
     /ColorImageDownsampleThreshold 1.5
     /MonoImageDownsampleType /Bicubic
     /DetectBlends false
     /GrayImageDownsampleType /Bicubic
     /PreserveEPSInfo false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /QFactor 0.76 /Blend 1 /HSamples [ 2 1 1 2 ] /ColorTransform 1 >>
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ColorConversionStrategy /sRGB
     /PreserveOPIComments false
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /ColorImageResolution 150
     /EndPage -1
     /AutoPositionEPSFiles false
     /MonoImageDepth -1
     /TransferFunctionInfo /Apply
     /EncodeGrayImages true
     /DownsampleGrayImages true
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDownsampleThreshold 1.5
     /MonoImageDict << /K -1 >>
     /Binding /Left
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /MonoImageResolution 600
     /AutoFilterGrayImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /SubsetFonts false
     /DefaultRenderingIntent /Default
     /OPM 1
     /MonoImageFilter /CCITTFaxEncode
     /GrayImageResolution 150
     /ColorImageFilter /DCTEncode
     /PreserveHalftoneInfo true
     /ColorImageDict << /QFactor 0.9 /Blend 1 /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] >>
     /ASCII85EncodePages false
     /LockDistillerParams false
>> setdistillerparams
<<
     /PageSize [ 576.0 792.0 ]
     /HWResolution [ 600 600 ]
>> setpagedevice


Understanding solvent effects on hyperfine coupling constants of cyclohexadienyl radicals

319

illustrates the need for a better understanding of the solvent
effects in cyclohexadienyl-based radicals.

Compared to the relatively localized nitroxides,
cyclohexadienyl-type radicals are more delocalized species
with a relatively rigid ring. Furthermore, the hydrogen bond-
ing ability of the delocalized m-system is expected to be quite
different from that of the N—O group. It is the aim of the pres-
ent work to discern the mechanism of the solvent effects and
to distinguish between its geometrical and electronic origins.
In view of this, experimental hyperfine coupling constants
(HFCs) from ;SR experiments on C¢HgMu® in the gas phase,
in liquid benzene, and in liquid water are compared with cal-
culated values based on hybrid density functional methods of
radicals complexed with water molecules and/or embedded
in a polarizable dielectric continuum.

2 Methods section

The C¢HS radical model. Muonium (Mu= p*e™) can be
regarded as a light isotope of hydrogen [11]. When consid-
ering isotope effects on HFCs, the muon differs from the
proton in two aspects. The ratio of their magnetic moments,
Mu/mp = 3.1833, makes the muon—electron hyperfine cou-
pling for a given radical structure larger by this factor as
compared to the proton. The coupling is further increased by
about 20% by the so-called intrinsic isotope effect [12], orig-
inating from the anharmonicity of the C-Mu(C-H) potential
energy curve which renders the C—Mu bond approximately
5% longer than the C—H bond on a vibrational average [12].
As an indirect consequence, the remaining methylene C-H
bond is shortened on an average, and the coupling of the
proton decreases by about 6%.

Limited by the available computational resources we
model the C¢HsMu® radical by C¢H3. This corresponds to
a static picture in which the calculated structures of both
radicals are identical and the muon HFC can be obtained by
calculating the proton HFC in C¢H3 and multiplying it by
the ratio of muon and proton magnetic moments (i, /f, =
3.1833. The intrinsic isotope effect and the influence of inter-
nal and external dynamics on hyperfine couplings are thus
neglected completely in our calculations. We assume that
the solvent effects on C¢H3 will not differ much from those
of C¢HgMu®, and that the influence of ro-vibrational effects
will cancel largely in comparisons of solvated and gas-phase
radicals.

Calculation of hyperfine coupling constants. The hyper-
fine coupling tensor AN corresponds to the interaction of
the magnetic moments of unpaired electrons with nucleus N.
Up to first-order perturbation theory, there are two contribu-
tions to hyperfine coupling constants in light-atom systems

[13] (neglecting second-order spin-orbit corrections):
A" = Apc + Asp M

Here Apc and Agp correspond to the Fermi-contact and
spin-dipolar terms. In the gas phase or in liquid isotropic

solution, AY], averages to zero due to fast tumbling, and only
AR will contribute. A} is related to the spin density 8(ry)
at nucleus N via

2
—=8eVeYNM0I(IN), 2)

3

where g, is the g-value of the free electron (2.002319), y, and
yn are electronic and nuclear magnetogyric ratios, respectively,
and o is the vacuum permeability. In particular,

N _
AFC_

2
Ap = __geVeVpl‘LOS(rp) (3a)

3

2
Au = __geyeyuﬂoa(ru) (3b)

3
If 6(rp) = 8(ry), as is the case in our model, division of (3b)
by (3a) gives

A _ Ve _ K

Ap  Vp WKy

This relation will be used for comparison of experimental
and calculated A,,.

“)

Modelling solvation effects. The solvation effects may be
divided into contributions from long-range isotropic dielec-
tric effects and from specific hydrogen bonding. The former
can be computationally described by polarizable continuum
models (PCM), in which the solvent is considered as a uni-
form polarizable medium with dielectric constant ¢, forming
a cavity around the solute. Hydrogen-bonding effects are best
taken into account by including explicit solvent molecules in
computations on supermolecular model complexes. For non-
polar solvents such as benzene we expect negligible hydrogen
bonding. The conductor-like polarizable continuum model
(CPCM) [14-18] used in this work is expected to give rea-
sonable results. In aqueous solution, hydrogen bonding to the
delocalized m-system of the radical and with the methylene
site may be important and will be studied by supermolecu-
lar models with two or four explicit water molecules, either
instead of or in addition to the continuum solvent model.

Computational details. Most calculations were done at
B3LYP hybrid density functional level [19-21], using the
Gaussian 03 program package [22]. Convergence criteria scf
= tight (energy and density matrix convergence 1073 A)
and integration grid option grid=ultrafine (99 radial shells
and 590 angular points per shell) were used to ensure good
numerical accuracy. The 6-311+ G(d,p) [23,24] basis set was
used for structure optimization, and EPR-III [25] basis for
hyperfine calculations. The B3LYP/EPR-III level is known
to provide accurate hyperfine coupling constants for organic
radicals [26]. The CPCM [14—18] model as implemented in
Gaussian 98 was used to include dielectric continuum sol-
vent effects. Natural population analyses (NPA) [27,28] were
employed to calculate atomic charges. Molecular structures,
orbitals, and spin-density isosurfaces are displayed with the
Molekel 4.0 program [29,30].
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Table 1 Experimental and calculated isotropic hyperfine couplings in MHz for CsHgMu® and CsHJ radicals®

Solvent Experiment Calculations
Gas- Liquid Liquid Gas CPCM CPCM Gas- Gas CPCM CPCM
ph.alseb benzene® water® -phase  (benzene) (water) phase -phase (water) (water)
+2 H,O +4 H,O +2 H,O +4 H,O
A, 507.5(6) 513.24(1)¢ 518.54(15)
Mupso (+1.1%) (+2.2%)
Ay X pp/ip  159.4(2) 161.23(3)° 162.89(5) 149.2 150.6 155.7 150.3 157.9 155.2 150.6
Uipso (+1.1%) (+2.2%) (+0.9%) (+4.3%) (+0.7%) (+5.8%) (+4.0%) (+0.9%)
A, 124.9(6) 125.89(2)¢ 127.14(5) 149.2 150.6 155.7 150.3 157.9 155.2 150.6
Hipso (0.8%) (+1.8%) (+0.9%) (+4.3%) (+0.7%) (+5.8%) (+4.0%) (+0.9%)
A, —24.8(7) —25.144)¢ —2547(7) 278 277 —-27.5 —27.4 —26.8 —-27.0 —27.2
Hortho (+1.4%) (+2.7%) (—0.4%) (—=1.0%) (—1.4%) (=3.7%) (=2.9%) (—2.2%)
A, 8.2(9) 7.47(4)¢ - 9.9 9.8 9.6 9.5 9.1 9.0 94
meta (—8%) (—1.0%)
A, —36.4(9) —36.19(4)¢ —36.43(7) 373 372 —37.1 —-37.5 —37.4 —-37.5 —-37.9
para (—0.5%) (0.0%) (=0.3%) (=0.5%) (+0.5%) (+0.2%) (+0.5%) (+1.6%)

4 Experimental values at 40°C. Calculations at B3LYP/EPR-III level. Percentage increase relative to gas-phase value in parentheses for both
experiment and computation. Isotropic values for CsH3 in 1M NaOH (at pH=14) are 134.6, —25.2, 7.5, —36.8 MHz for ipso-, ortho-, meta-, and
para- protons, respectively (Eiben K, Schuler RH (1975), J] Chem Phys 62:3093).

b Ref. [43] Fleming DG, Arsenau DJ, Pan JJ, Shelley MY, Senba M, Percival PW (1997) Appl Magn Reson 13:181.

¢ Ref. [44] Yu D, Percival PW, Brodovitch JC, Leung SK, Kiefl RF, Venkateswaran K, Cox SFJ (1990) Chem Phys 142:229.

d Ref. [45] Percival PW, Kiefl RF, Kreitzman SR, Garner DM, Cox SFJ, Luke GM, Brewer JH, Nishiyama K, Venkateswaran K (1987) Chem

Phys Lett 133:465. (measured at 27°C and extrapolated to 40°C).

¢ Measured relative to liquid benzene, experimental details to be published.

3 Results and discussion
3.1 Optimized structures

Figure 1 shows B3LYP/6-311+ G(d,p) optimized structures
of various models. Optimization of C¢H7 in the gas phase,
as well as in benzene and water solutions at CPCM level
(without explicit solvent molecules) provided the expected
C,, structure (Fig. la—c), with planar carbon skeleton,
in-plane ortho-, meta-, and para-hydrogens, as well as two
out-of-plane methylene hydrogens, Hi,. The structure
changes due to CPCM solvent effects are not large but nota-
ble, especially with water. The largest changes are observed
for the out-of-plane C—H(Mu) distance, which contracts by
0.002 A in benzene and expands by 0.004 A in water, com-
pared to the computed gas-phase value of 1.105 A. The out-of
plane bond angle of about 103° does not appear to be sensitive
to solvation at the CPCM level.

Two explicit water molecules, added to the gas-phase
model, will bond to the 7 -system by weak T-stacked hydrogen
contacts above the center of the shortest C—C bond
(Cortho—Chmeta), With the oxygen slightly displaced towards
the ring center (Fig. 1d). Experimental, quantum chemical,
and molecular dynamics simulation studies of the related
benzene—water complex point to a structure with hydrogen
bonded direct to the ring center, and the water oxygen point-
ing away from the benzene plane [31-36]. Simulations and
experiments show that in the benzene complex, water can
rearrange via structures with both water hydrogens pointing
towards the 7-system [31-36]. In the present C¢H3 (H,O),
model, the shortest (HO)H. . .C distances are 2.554 and 2.617
A. The C-H(Mu) distance is slightly shortened compared to

the free radical. Bringing this model into the CPCM cavity
(Fig. 1f) leads to more asymmetric (HO)H. . .C distances of
2.387 and 2.668 A and to an elongation of the C-H(Mu) dis-
tance as compared to the CPCM calculation without explicit
water molecules (Fig. 1c). This shows that the effects of the
continuum solvent model and of explicit water molecules
on the structure of the radical are not additive, and that the
structure of the supermolecular complex is influenced non-
negligibly by the further environment. Attempts to locate an
isomer with water molecules bonded to H(Mu);ps, via oxy-
gen converged always to the structure shown in Fig. 1d. In the
benzene—water complex, an isomer in which water is bonded
via oxygen to a hydrogen was calculated to lie higher in
energy (5 kJ/mol) than the structure with an H-bond to the
ring center [34]. The binding energy estimated here for the
first two water molecules, CsHj + 2 H,O — CgH3- 2H,0,
is 18.0 kJ mol~! at DFT level. Counterpoise-corrected MP2
energy calculations at DFT structures give 25.0 kJ mol~'.
This may be compared to experimental and theoretical bind-
ing energies of the benzene—water complex between ca. 6
and ca. 15 kJ mol~' [31-36]. The difference between the
hydrogen bond directed to the ring center in the benzene—
water complex (not shown) and the cyclohexadienyl radi-
cal-water complexes with a preference for more “localized”
H-bonding patterns towards the shortest C=C bonds (Fig. 1)
appear to be notable.

Addition of four water molecules to the gas-phase radi-
cal (Fig. le) leads to a structure with close contacts of 2.40
A from two water oxygen atoms to the out-of-plane pro-
ton (muon). Upon immersing this model into the CPCM
cavity, the two extra water molecules move away from the
out-of-plane positions, and no notable interaction remains
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¢ CPCM (water)

(a)

0.962
0.968
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24820 N 2547
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d gas phase + 2H,0 e gas phase +4H,0

(b)

Fig. 1 Optimized structures of C¢H5 in the gas phase and using different solvation models at the B3LYP/6-311+G(d,p) level. Bond lengths in A
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(Fig. 1g). The Cjpso-H(Mu) distance shortens to 1.105 A,
which coincides with the gas-phase value. That is, the hydro-
gen bonding appears to counteract the structural effect of
the continuum solvent model, and the continuum solvent in
turn weakens explicit interactions between the CH,-moiety
and the nearest solvent molecules. These non-additive effects
are relevant with respect to the solvent effects on HFCs (see
following paragraph). In general, it appears that the inter-
actions with explicit water solvent molecules are relatively
weak. This makes the theoretical description of the situation
in aqueous solution challenging, as large-amplitude motions
within the first solvent shell are probable.

We note in passing, that modelling of sodium cation bind-
ing to cyclohexadienyl gave a complex in which the cation
was above the ring, displaced somewhat towards C,,r, [10].
Effects on the intramolecular structure parameters included
the shortening of the C-Hjps, bond on the same side as the
cation by 0.004 A, and a lengthening on the opposite side by
0.001 A.

3.2 Comparison of computed and experimental
hyperfine couplings

The antisymmetric linear combination of the two Ciys-H
o-orbitals exhibits w-symmetry with respect to the molec-
ular plane and delocalizes into the w-system by hypercon-
jugation [37,38]. This explains the relatively large hyperfine
couplings of the methylene protons, Hiy,. Table 1 summa-
rizes experimental and computed results for muon and proton
isotropic hyperfine couplings (A, and A,) in CsHsMu® and
CeH3 [39]. For easier comparison, the measured A, values
were divided by the factor 3.1833 so that we can compare
with computed proton values. Our computed gas-phase val-
ues are in reasonable agreement with previous DFT calcula-
tions [10,38], and agree better with the experimental values
for the Hipso positions than previous CIS [10,40] and cou-
pled-cluster studies [41] (in the latter case probably the too
small DZP basis sets limited the accuracy larger basis sets are
needed to reproduce hydrogen HFCs in coupled-cluster cal-
culations [42,43]). Notably, the computed static A, (Hipso)
values for CgHJ are higher than experiment for the Hjps, po-
sition in CsHgMu® but somewhat lower than the scaled A,
value. This reflects our neglect of ro-vibrational effects (see
earlier para). In view of this, and of the inherent dependence
of the results on exchange-correlation functional (Table S1 in
Supporting Information), the uncertainties of the computed
HFCs are clearly larger than the solvent effects we want to
study. We assume, however, that these systematic errors can-
cel out mostly when looking at the differences between gas
phase and different solvent environments.

Solvent effects for the in-plane protons are very small.
Due to the relatively large experimental error bars in the gas
phase, it becomes impossible to discuss the solvent effects
on the HFCs for these positions in more detail. Even if more
accurate experimental data were available, more refined com-
putations would be needed for areliable discussion, including

Table 2 Computed hyperfine couplings (in MHz) in CgHJ at different
levels of including solvent effects®

Solvent Gas-phase// CPCM(water)// CPCM(water)// Gas-phase//
gas-phase gas-phase CPCM(water) CPCM(water)

A, (Hipso) 1492 152.9 155.7 152.0

A, (Horno) —27.8 -27.5 -27.5 —27.8

A, Hpea) 99 9.6 9.6 9.9

A, Hpara) —=37.3 —37.2 —37.1 —37.2

4CPCM results at B3LYP/EPR-III level. The notation of levels of includ-
ing solvent effects is HFC-calculation//structure-optimization.

Table 3 Calculated orbital contributions® to A ,(ipso) in MHz

Orbital ~ Orbital Gas-phase// CPCM CPCM CPCM
(benzene)// (water)// (water)//
symmetry gas-phase CPCM CPCM gas-phase
(benzene) (water)®

7 aj 0.05 0.08 0.17 0.14
(1.8%)

8 b, 0.00 0.00 0.00 0.00

9 aj —5.83 —5.70 —5.12 —5.39
(+10.9%)

10 a; 19.70 19.68 19.17 19.31
(—8.2%)

11 b, 0.00 0.00 0.00 0.00

12 a; —3.58 -3.51 —3.27 —3.43
(+4.8%)

13 a; 12.30 12.31 12.58 12.09
(+4.3%)

14 b, 0.00 0.00 0.00 0.00

15 by —8.16 —8.24 —7.94 —7.49
(+3.4%)

16 b, 0.00 0.00 0.00 —0.01

17 a; —4.21 —4.17 —3.96 —4.62
(+3.8%)

18 a; —0.28 —0.36 —0.82 —1.48
(-8.3%)

19 by 14.00 13.90 13.94 14.71
(—=0.9%)

20 b, 0.00 0.00 0.00 0.00

21 a 0.00 0.00 0.00 0.00

22 by 125.30 126.61 131.03 129.06

(SOMO) (+4.6%)

3 149.29 150.60 155.78 152.91
(4.4%)

2Orbitals 1-6 do not contribute. See Fig. S1 (in Supporting Informa-
tion) for orbital isosurface plots. Percentage changes relative to the gas
phase calculation shown in parentheses.

dynamical solvent effects and a more realistic treatment of
hydrogen bonding. We will thus in the following concen-
trate on the proton and muon HFCs for the methylene (Hjps,)
positions, with the aim to understand solvent effects on these.

Computed solvation effects for A, (Hip,) agree reason-
ably well with the experimental trends. At CPCM level, A,
(Hipso) increases from the gas phase through benzene to aque-
ous solution, but the trend appears to be overestimated by the
CPCM calculations. Inclusion of two explicit water mole-
cules into the CPCM(water) cavity improves the trend by a
slight decrease of A, (H;pso). Inclusion of another two explicit
water molecules decreases the coupling constant further, but
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Cc

Fig. 2 Isosurface plots of computed gas-phase spin densities of CcH3, and difference densities due to direct electronic continuum solvation
effect. a) total gas-phase spin density (isosurface 1073 a.u.), b) difference spin density for CPCM(water)//gas-phase minus gas-phase//gas-
phase calculations (isosurface £10~* a.u.), ¢) gas-phase SOMO spin density (isosurface £10~* a.u.), d) difference SOMO spin density for
CPCM(water)//gas-phase minus gas-phase//gas-phase calculations (isosurface £1075A)

now the overall solvation effect appears underestimated (Ta-
ble 1). Notably, the opposite direction of the effects of contin-
uum solvent and hydrogen bonding for CsH3 (H,O)4 has todo
with the change of the hydrogen-bond geometry in the cavity
of the CPCM model (Fig. 1). In particular, the short contacts
between ipso proton (muon) and water oxygen atoms in the
supermolecular model CcH3(H,0)4 (Fig. 1e) do not persist
in the presence of the continuum solvent (Fig. 1g). Interest-
ingly, the HFC for the supermolecular complex is high. That
is, hydrogen bonding and continuum solvent taken separately
would both increase the hyperfine coupling substantially, but
in combination the overall effect is much smaller. In view of
the relatively complex behavior of hydrogen bonding, with a
presumably rather shallow potential energy surface for rear-
rangement of the first solvent shell, molecular dynamics sim-
ulations at a relatively high computational level (suitable for
describing the intermolecular interactions quantitatively) will
be needed to obtain more accurate results.

Table 4 Computed dipole moments for CsH5 in Debye?

Model Dipole moment (Debye)
Gas-phase//gas-phase 0.54
CPCM(benzene)//CPCM(benzene) 0.66
CPCM(water)//CPCM(water) 0.97
CPCM(water)//gas-phase 0.96
Gas-phase//CPCM(water) 0.54

* At BBLYP/EPR-III level.

3.3 Further analysis of solvent effects on HFCs

Influence of intramolecular structural changes. We
noticed that the structure of the radical is influenced by sol-
vent effects (discussed earlier). In particular the C-H(Mu)
bond lengths seem to be sensitive to solvation. How much
is this reflected in the HFCs? While we cannot completely
separate structural and electronic effects, we may estimate
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Table 5 Computed NPA charges for CsHJ at various levels of modelling solvation®

Solvent model

Gas-phase// CPCM(benzene)// CPCM(water)// CPCM(water) + 2H,O// CPCM(water) + 4H,0//

Atom gas phase CPCM(benzene) CPCM(water) CPCM(water) + 2H,0 CPCM(water) + 4H,0
Cipso —0.52 —0.53 —0.55 —0.55 —0.55

ipso 0.24 0.24 0.26 0.27 0.26

ortho —0.16 —0.16 —0.16 —0.19 —0.17
Cieta —0.25 —0.26 —-0.27 —-0.27 —0.28

para —-0.22 —0.23 —0.24 —0.24 —0.23

ortho 0.21 0.21 0.22 0.23 0.23
Hera 0.22 0.23 0.23 0.24 0.24
Hpura 0.22 0.22 0.23 0.24 0.24

4 At BBLYP/EPR-III level.

structural effects by performing a gas-phase HFC calculation
at a solution-optimized structure or vice versa. Table 2 shows
both gas-phase//CPCM(water) and CPCM(water)//gas-phase
results. In the former calculation, A,(Hjp,) is increased
approximately by one-half of the total continuum solvent
effect. Similarly, the latter calculation bridges about half of
the total change. At this continuum solvent level, structural
and direct electronic effects are thus of similar magnitude
for A,(Hipso). We recall, however, that the CPCM model
exaggerates the increase in A ,(Hipo). The total solvent ef-
fect is actually only about 3.5 MHz experimentally, and the
balance between structural and electronic effects may be
shifted somewhat in more realistic treatments. We do not
observe any direct relation between C—H(Mu) bond lengths
and A ,(Hipo). For the ortho-, meta-, and para- protons, the
solvent effects on the computed HFCs appear to derive almost
exclusively from the direct electronic contributions, with very
little structural influences (but keep in mind that computed
changes are small and do not follow the experimental trends
well in these cases).

Spin density plots. The isotropic Fermi-contact HFC is
directly proportional to the spin-density at the nucleus in
question (Egs. 2-3). Analyses of spin density are thus of
interest, and spin-density isosurface plots might be further
revealing. The computed spin-density surface for the gas-
phase radical (Fig. 2a) reflects closely the computed isotro-
pic couplings in Table 1. We observe positive spin densities
(light grey) for H;p,,, and negative spin densities (dark grey)
for Hortnho and Hpgra . The spin density at Hyea is very small and
only visible at lower isosurface values. These results follow
closely the previous analyses for the free radical by Adamo
et al. [38].

The relatively small differences between gas-phase and
various solvent calculations are not easily visualized directly
by such plots. More information may be obtained from differ-
ences of spin densities, but these are restricted to compari-
son between calculations for one given structure. Figure 2b
subtracts total spin densities of gas-phase//gas-phase calcula-
tions from CPCM(water)//gas-phase results. Obviously, the
direct electronic effect of the continuum solvent model is
mainly to increase the spin density at Hi,s, and Cipgo, as well

as at Cppera, and to decrease it at Coyino and Cpqra. This explains
the enhancement of A ,(Hjp,). Changes in the isotropic cou-
plings of the in-plane hydrogens have to be transmitted by
spin polarization through the associated C—H bonds and are
therefore relatively small (larger changes will result for the
dipolar couplings, but these are not observed in the available
experiments).

Orbital analyses of spin density. Individual orbital contri-
butions to the hyperfine couplings are provided in Table 3,
and the orbitals are visualized in Fig. S1 in Supporting Infor-
mation. The HFCs at Hi,, (and thus Mujj,) are dominated
by alarge positive contribution from the SOMO (orbital 22, it
gives 125.3 MHz — 84% - in the gas-phase calculation), with
additional positive contributions from orbitals 10, 13, and 19
(+19.7, +12.3, and +14.0 MHz, respectively). However, the
solvent effect in the CPCM calculations derives almost exclu-
sively from the enhancement of the SOMO contribution,
whereas small changes in the spin-polarization contributions
cancel largely (Table 3). Figure 2c shows the SOMO spin
density (gas-phase) and Fig. 2d the difference spin density
for the SOMO, obtained when subtracting the gas-phase//gas-
phase spin density from the CPCM(water)//gas-phase result.
The appreciable enhancement of SOMO spin density at Hipo
and Cj,, and the almost equally large negative contribution
at Cpyra are clearly visible. Apparently, at least within the
CPCM framework, the direct electronic solvation effect on
the Hjpso or muon couplings derives not that much from spin
polarization, but rather from a change in the direct SOMO
contribution.

Dipole moments and NPA charges. Inview of these results,
we may ask in more detail in which way the interaction with
the solvent affects the electronic structure of the radical, and
in particular the composition of the SOMO. Notably, the com-
puted dipole moments in Table 4 increase from 0.54 Debye
in the gas phase to 0.95 Debye in the CPCM(water)//CPCM
(water) calculations. Interestingly, the structural solvation ef-
fects on the dipole moment are negligible, and it is the direct
mutual electronic polarization between solute and solvent
that enhances the dipole moment. The increase of dipole mo-
ment is consistent with a larger charge separation in solution,
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as confirmed by the NPA charges in Table 5. The increased
positive charge on H; 5, and the enhanced negative charge on
Cipso> Cineta» and Cpyry are notable. Thus, the dielectric contin-
uum solvent effects in water increase the dipole moment by
an appreciable factor of almost two. Direct hydrogen bonding
appears to partly compensate the continuum solvent effect on
the HFCs of CPCM(water). A determination of an “isolated
radical” dipole moment from the supermolecular calculations
with explicit water molecules was unfortunately not possible.
The NPA charges for the supermolecular complex with two
water molecules (Fig. 1d) suggest a further enhancement of
the positive charge on Hj,, (Table 5). Addition of two fur-
ther water molecules (Fig. 1e) decreases the charge on Hjpg,.
While the calculated changes in the charges are small, their
relation to the spin density suggests that both structural and
electronic effects of hydrogen bonding influence electronic
structure and thus spin density of H(Mu);pso. Apparently, the
increased dipole moment induced by solvation is related

indirectly to an enhanced “electron hole character” near Hipg,.

4 Conclusions

Solvent effects on the electronic structure, spin density, and
hyperfine couplings of the cyclohexadienyl radical are far
more subtle than on the more polar nitroxide spin labels,
and they are thus more difficult to analyze. Changes in spin
densities and HFCs at the in-plane hydrogen positions are too
small, and the experimental error bars are too large to discuss
solvent-effects on those couplings meaningfully in greater
detail. In contrast, changes in the out-of-plane methylene
hydrogen (or muon) positions are more notable and derive
roughly to similar amounts from solvent-induced structure
changes (mainly by a change of the Cjps,—H bond length)
and from a direct electronic polarization of the spin density
within the radical by the solvent at a given structure. While
the modest increase of the out-of-plane HFCs in benzene
solution relative to the gas phase is reproduced quite well
by a continuum solvent model, the CPCM results apparently
overestimate the solvent enhancement of the spin densities on
the Hipo positions in water. Inclusion of explicit water mol-
ecules into the calculations reduces this enhancement and
thereby tends to improve the agreement between theory and
experiment.

Further analyses in terms of orbital contributions indi-
cate that while spin polarization does to some extent influ-
ence the spin densities on the out-of-plane hydrogen or muon
positions, the solvent effect derives almost exclusively from
solvent-induced changes of the SOMO. It appears that the
enhanced spin density at H(Mu);p, is indirectly related to
an increased positive charge at these out-of-plane hydrogen
positions, with a concomitant negative polarization of the
Cipso atom by the solvent. Explicit hydrogen bonds to the
m-system appear to diminish the polarization to some extent,
probably mainly due to a structural effect.

Supporting information available

The dependence of hyperfine coupling in gas-phase CqHJ
on exchange-correlation functional (Table S1) and displays
of valence molecular orbitals (Fig. S1) are available free of
charge via the Internet.
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