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Sodium cation-carbonyl interactions resulting from the formation of a sodium cation-bound dimer (SCBD)
of a common bronchodilator, theophylline have been probed using infrared multiple photon dissocia-
tion (IRMPD) spectroscopy and electronic structure calculations. Energies have been determined at the
MP2(full)/aug-cc-pCVTZ//B3LYP/6-311+G(d,p) level of protocol for all heteroatoms involved in sodium
interactions, including sodium and at the MP2(full)/6-311+G(2d,2p)//B3LYP/6-311+G(d,p) level of pro-
tocol for all remaining heavy and hydrogen atoms. Six stable isomers of the SCBD of theophylline have
been proposed within a range of relative Gibbs free energies of ~36 k] mol~! (298 K). The most favourable
isomer (10.9 k] mol~! over the next isomer at 298 K) exhibits an average zero net dipole moment due to
free rotation of theophylline molecules about a C=0- - -Na*. . -O=C axis, facilitated by the relatively large
interatomic distance (4.28 A) between the carbonyl oxygen atoms. This is also shown to effectively isolate
the theophylline molecules from interaction resulting in a significant reduction in the observed vibra-
tional anharmonicity. Such a feature provides a chemical system that can be more suitably simulated
by a spectrum calculated using a harmonic, rather than anharmonic oscillator approximation. This is
important since the system described here is 37 times more costly to produce using an anharmonic oscil-
lator approximation relative to the analogous harmonic calculation at the B3LYP/6-311+G(d,p) level of
protocol with the same computational resources. Accurate characterization of both the free and sodi-
ated carbonyl stretches, as well as several other frequencies of the SCBD of theophylline gives insight
into cation-molecule interactions and also provides a useful contribution to the growing database of gas
phase infrared spectral assignments.
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1. Introduction

Theophylline has been used therapeutically in asthma suffer-
ers for the last 70 years due to its bronchodilator properties.
Specifically, theophylline acts as an inhibitor of the enzyme phos-
phodiesterase (PDE), resulting in an increase in the availability of
cyclic adenosine monophosphate (cAMP) and therefore relaxing
the smooth muscle of the airway [1].

Theophylline-associated seizures (TAS) have been observed as a
neurological emergency in children both with and without epilepsy
who were exposed to only therapeutic levels of theophylline. The
mechanism of TAS has been investigated recently by Fukuda et al.
[2] using experiments involving hyperthermia-induced seizures in
juvenile rats following exposure to theophylline under varying con-
ditions. Fukuda et al. report that addition of a selective adenosine
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Aq agonist in conjunction with an adenosine kinase inhibitor nulli-
fies the onset of TAS, suggesting that blockage of the adenosine A4
receptor by theophylline is the main cause of TAS.

There has also been research into the development of RNA
aptamer-based electrochemical sensors for sensitive, selective and
label-free detection of theophylline in serum [3]. The sensor is
described to selectively differentiate theophylline from structurally
similar caffeine and theobromine; however, reliable performance
of the sensor in dilute solutions of serum has been elusive.

Recently, we have been exploring functionality of methylxan-
thines such as caffeine and theophylline by probing the structures
of electrosprayed gaseous ions using the powerful technique of
infrared multiple photon dissociation (IRMPD) spectroscopy, cou-
pled with electronic structure calculations [4]. Structures of both
protonated caffeine and theophylline, as well as the proton-bound
dimer (PBD) of ammonia and theophylline have been determined
accurately and unambiguously using this technique. The work has
provided insight into differences in functionality between theo-
phylline and caffeine. For example, proton-transport catalysis (PTC)
results in complication of the IRMPD spectrum of protonated
theophylline compared to that of protonated caffeine. The proton-
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bound dimer of theophylline is observed to contain a particularly
stable bidentate ionic hydrogen bond (IHB) which cannot be formed
analogously by caffeine. Both of the preceding examples demon-
strate that small differences in structure between caffeine and
theophylline can result in significant differences in their functional-
ity and reactivity. Finally, consideration of anharmonicity has been
shown [4] to be essential for simulating the spectra of the proto-
nated systems described above, especially in the case of the PBD
of theophylline and ammonia, where multiply coupled vibrations
exist predominantly due to short-range electrostatic interactions.

Methylxanthines contain two chemically distinct carbonyl
groups, thus interaction with either carbonyl oxygen results in
a distinct shift in frequency of the infrared absorption of the
carbon-oxygen bond. Such shifts in frequency can be observed
using mass-selected IRMPD spectroscopy in the spectral range of
1000-1900cm~! and simulated using electronic structure calcu-
lations. Other diagnostic vibrational modes can be observed and
assigned confidently only if the experimental spectrum is suffi-
ciently well resolved; however, carbonyl groups generally exhibit
intense absorption bands and it is because of this that their spectral
assignments are generally the most reliable. Because the carbonyl
oxygen atoms of methylxanthines, such as theophylline, are rich in
electrons they can be expected to engage in several types of inter-
actions with electophilic species. Sodium cation (Na*) presents an
interesting, and biologically relevant, ion with which to investigate
alkali metal cation-molecule interactions with theophylline.

There has been substantial research in the area of gas
phase metal cation-molecule interactions over the last decade
including studies involving the structural elucidation of metal
cationized-molecules by IRMPD spectroscopy [5-27], in addition
to measurements of sodium cation affinities (SCAs) [28-44].

One study has compared the IRMPD spectra of sodium cation-
ized glycine (Gly) and proline (Pro), in order to determine if such
interactions would lead to charge-solvated (CS) or salt-bridged (SB)
structures [13]. This work has shown both spectroscopically and
computationally that Gly-Na* is likely to favour a charge-solvated
structural configuration, while Pro-Na* favours a salt-bridged
structural configuration. Similarly, Carl et al. [10] have conclusively
shown that charge-solvated conformations are favoured upon the
formation of tridentate interactions between alkali metal cations
(Li*, Na*, K*, Rb* and Cs*) and the amine nitrogen, carbonyl oxy-
gen and sulphur atoms contained in methionine (Met). Prell et
al. [14] have demonstrated, using very high quality IRMPD spec-
tra and electronic structure calculations, that trivalent lanthanide
metals cations La3*, Ho3* and Eu3* form a SB with Ala, (n=2-5)
in which all of the carbonyl groups solvate the metal cation. They
have also shown that the IRMPD spectra of Leu-enk (Tyr-Gly-Gly-
Phe-Leu) coordinated with the same trivalent metal cations exhibit
strong free carbonyl stretching signatures, suggesting that side
chain behaviour of tyrosine (Tyr) and phenylalanine (Phe) may
interfere with complete coordination of the cation by the carbonyls.

Wang et al. [31] obtained the SCAs of systems involving
interactions of sodium cation with cytosine and methyl cytosine
derivatives using kinetic methods and electronic structure calcula-
tions. Similarly, Armentrout et al. [45] have rigorously extracted
alkali metal cation affinities and structural data for methionine
(Met) including Met-Li*, Met-Na* and Met-K* using threshold
collision-induced dissociation with xenon in a guided ion beam
mass spectrometer and high-level electronic structure calculations.

Although many excellent IRMPD studies have yielded detailed
descriptions of alkali metal cation interactions with amino
acids and peptides [6-9,11,13,14,46], methylxanthines demon-
strate another unexplored example of small biologically relevant
molecules possessing the necessary attributes amenable to
IRMPD spectroscopy experiments in the spectral region of
1000-1900 cm~!. Here the IRMPD spectrum of the sodium cation-

bound dimer (SCBD) of theophylline is presented; in compliment to
recent work showing the IRMPD spectra of both protonated theo-
phylline and the PBD of theophylline and ammonia [4].

2. Experimental

The IRMPD experiments have been performed using the infrared
free electron laser (IR-FEL) at the Centre de Laser Infrarouge d’Orsay
(CLIO) facility in Orsay, France. The IR-FEL beam was guided into a
Bruker Esquire 3000+ ion trap mass spectrometer, equipped with
electrospray ionization. This experimental arrangement has pre-
viously been described in detail [47-49]. The IR-FEL beam was
produced by emission from a 10-50 MeV electron beam, and
the emission photon wavelength can be tuned, through the mid-
infrared range, by adjusting the physical gap between a set of
periodic undulator magnets. The undulatoris housed withina 4.8 m
long optical cavity. The laser beam is accumulated in the optical
cavity and outcoupling is permitted through a 1-3 mm hole in one
of two silver mirrors, each with a diameter of 38 mm.

The present work used an electron energy of 48 MeV which
permitted continuous scans over a range of 1000-2000 cm~'. The
IR-FEL output consists of a train of 8 s macropulses, with a repeti-
tion rate of 25 Hz. Each macropulse is comprised of approximately
500 micropulses, with a width of a few picoseconds per pulse. For
an average IR power of 500 mW, the corresponding micropulse and
macropulse energies are about 40 ] and 20 m], respectively.

Solutions of sodium cation and theophylline were prepared by
combining a 2:1 mixture of sodium chloride and theophylline,
respectively (~10 wM). The solvent system consisted of a 1:1 mix-
ture of acetonitrile and water. lons were provided from the solution
using electrospray ionization. The desired ionic species was isolated
and confined within the ion trap where it then experienced mul-
tiple collisions with Helium buffer gas (~1 mTorr) for 40 ms prior
to irradiation by the IR-FEL. The IR-FEL beam was then focused and
introduced into the center of the ion trap of the mass spectrom-
eter. Consequence mass spectra were recorded following a laser
irradiation time of 150 ms, with an accumulation of ten spectra
obtained for each wavelength. IRMPD spectra were acquired by
scanning the wavelength in steps of ~4 cm~!, with the IR-FEL power
fluctuating by an average of +15% over an experimental range of
1000-1850cm™!. The single spectrum reported here is expressed
in terms of the fragmentation efficiency, Pf,g, as a function of the
photon energy, in cm~1. Where Iparent and Ylfragment are the parent
and sum of the fragment ion intensities, respectively.

I
parent (1)
Iparent + Z Ifragment

Prag = — log

2.1. Electronic structure calculations

Electronic structure calculations have been performed using the
Gaussian 09 software package [50]. All proposed isomers of the
SCBD of theophylline were optimized using density functional the-
ory (DFT), employing the B3LYP exchange-correlation functional
and the 6-311+G(d,p) basis set. B3LYP is known to be a relatively
reliable and economical computational method and is extensively
employed in the investigation of small and medium size molecules
[49,51-56]. All harmonic frequencies obtained at this level of the-
ory were scaled by 0.9679 [57] in order to compensate for errors
arising from the use of a harmonic oscillator approximation in cal-
culating the frequencies, as well as, long range electron correlation
effects. Anharmonic frequencies [50,58] have also been obtained at
the B3LYP/6-311+G(d,p) level of theory for only the most chemi-
cally significant species.

It is well established that hybrid DFT methods such as B3LYP
generally outperform local or gradient-corrected DFT, and MP2
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Fig. 1. Calculated structure of theophylline (I), with bond lengths in Angstroms (A) and optimized at the B3LYP/6-311+G(d,p) level of protocol. A numbered “stick structure”

of theophylline is provided in the top right corner for additional clarity.

for the prediction of fundamental frequencies and their associ-
ated infrared intensities [7,13,56,59-66]. Fundamental frequencies
calculated by the MP2 method are significantly more costly and
sometimes less accurate than those produced by B3LYP, thus, all
geometry optimizations and calculated frequencies reported here
have been obtained using the B3LYP method. In order to provide
more realistic simulated spectra, calculated line spectra have been
fit using Lorentzian functions with full-width at half maximum
(FWHM) of 15 cm~! specified.

All optimized structures have been verified as minima by
performing frequency calculations, in order to ensure that no imag-
inary frequencies were present. Geometry optimizations produced
with Gaussian 09 [50] have been calculated with “tight” force,
displacement (opt=tight) and energy convergence (scf=tight)
specified. Single point energy calculations have been obtained with
the condition of “tight” energy convergence (scf = tight) specified. In
order to ensure that no significant differences exist between B3LYP
and MP2 obtained geometries, a selection of B3LYP/6-311+G(d,p)
level geometries have been optimized and verified by frequency
calculations as local minima at the MP2/6-311+G(d,p) protocol. The
mean absolute deviation (MAD) between calculated bond lengths
at the B3LYP and MP2/6-311+G(d,p) level of theory reported here
is found to be only 0.017 pm, or 0.45% of the average bond length
of the optimized structures.

In order to provide more accurate energies for the SCBD
systems, single point calculations have been specified at the
MP2(full)/aug-cc-pCVTZ level of theory for sodium and all heavy
atoms involved in interactions with sodium cation, with all
of the remaining heavy and hydrogen atoms specified at the
MP2(full)/6-311+G(2d,2p) level of protocol. The notation for the
protocol described previously will now continue to be defined as,
MP2(full)/aug-cc-pCVTZ[Na,N(9),0(2),0(6)]/6-311+(2d,2p). It has
been suggested that calculations involving sodium cation should
include core—core and core-valence electron correlation [45,67,68]
and the aug-cc-pCVTZ basis set [69,70] has been optimized for
use with methods that include core-core and core-valence cor-
relation, such as MP2(full). The validity of the level of protocol
described above for calculating single point energies of the sys-

tems presented here has been evaluated by calculating energies of
the sodiated theophylline isomers using single point calculations at
the MP2(full)/aug-cc-pCVTZ level of protocol. It is not yet possible
to verify this for the dimers with the currently available computing
resources. Calculation of the SCAs of three sodiated theophylline
isomers has shown that minimal differences exist between the cal-
culated free energies of sodiation (298 K) using the different levels
of protocol described above, with a MAD of only 0.21 k] mol~1.

3. Discussion

The calculated structure of theophylline (I) is shown in Fig. 1 and
the three most favourable sites of protonation [4] with respect to
free energy (298 K) as N(9), 0(2) and O(6). The cyclic amide nitrogen
atoms, N(1) and N(3) are not Lewis basic due to the fact that their
lone pairs are highly delocalized about the ring system and carbonyl
oxygen atoms. All four isomers afforded by protonation occurring
at the N(1) or N(3) site have previously been shown to be thermally
inaccessible under the experimental conditions described here [4].

It is found that Na* does not form stable interactions with either
N(1)or N(3)in theophylline at the B3LYP/6-311+G(d,p) level of pro-
tocol and as such, only sodiated monomers with Na* interacting at
N(9), O(2) and O(6) will be considered (Fig. 2). Sodium cation—-1r
interactions [35,37-40] have also been considered, but have been
found to be unfavourable in this system. The SCAs, entropies and
free energies of sodiation (298 K) have been calculated for the N(9),
0(2) and O(6) positions and are shown in Table 1. Sodiation of the
N(9) site is significantly higher in free energy (298 K) than at O(2)
or O(6) and thus, it should be reasonable to exclude the existence
of isomer Iy gy under the experimental conditions. Interestingly, it
has been shown both experimentally and theoretically that proto-
nation of theophylline is favoured at N(9) followed by O(2) and O(6),
respectively [4]. Upon sodiation of theophylline, calculations pre-
dict a minor contraction of the free carbonyl bond length by 0.01 A
inall three proposed isomers (Fig. 2). For isomers Illg) and IV, it
is predicted that extensions of the Na*- - .carbonyl bond lengths will
occur by 0.04 and 0.03 A, respectively. Not surprisingly, the high-
est energy isomer (Ily(q)) exhibits the longest Na*- - -(heteroatom)
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Fig. 2. Calculated stable structures of sodiated theophylline, with bond lengths in Angstroms (A) and optimized at the B3LYP/6-311+G(d,p) level of protocol.

Table 1

Calculated SCAs and thermodynamic quantities associated with the sodiation of theophylline (Fig. 2). Energies have been calculated at the MP2(full)/aug-cc-
pCVTZ[Na,N(9),0(2),0(6)]/6-311+(2d,2p)//B3LYP/6-311+G(d,p) level of protocol. The energies in parentheses are calculated strictly at the MP2(full)/aug-cc-pCVTZ//B3LYP/6-
311+G(d,p) level of protocol. All energies are reported in units of kj mol~" and calculated at 298 K.

Species SCA (—AH>98°) —ASy98° —AGygg° A AGyog°
II9) 114 (111) —102 —83.8(-80.7) 38.6 (38.5)
o6 142 (139) -96.2 -113(-110) 9.10 (8.78)
Vo2 153 (150) -104 —-122(-119) 0.00 (0.00)

interaction distance of 2.29 A, followed by 2.10 and 2.09 A for iso-
mers Illg6) and IV(»), respectively.

Six stable isomers of the SCBD of theophylline have been
proposed, with their calculated structures shown in Fig. 3 and
thermodynamic values in Table 2. Calculations find it more
unfavourable for Na* to associate with N(9), relative to O(2)
and O(6). This is most pronounced in the asymmetric dimers
VIO(G)/N(Q) and VHO(Z)/N(S)- both of which exhibit the weakest
binding energies, followed by the symmetric dimer Vy(g)n(9)-
Based on relative free energies (298 K), the SCBD of theophylline
should exist predominantly as isomer Xg)o(2), With the effi-
cient sharing of Na* characterized by a symmetric bond about the
C(2)=0---Na*..-0=C(2) axis (Table 2). The relatively large distance
between the oxygen atoms of 4.28 A facilitates free rotation about

Table 2

Calculated thermodynamic quantities associated with the proposed SCBDs of
theophylline (Fig. 3). Energies have been calculated at the MP2(full)/aug-cc-
pCVTZ[Na,N(9),0(2),0(6)]/6-311+(2d,2p)//B3LYP/6-311+G(d,p) level of protocol. All
energies are reported in units of kJmol~! and calculated at 298 K.

Species AHygg° AS)98° AGagg® A AGyog°
VN)Ne©) -96.3 -123 -59.6 31.0
Vo) -90.4 -119 -54.8 35.8
Vo)) -90.1 -114 -56.1 34.5
VllIo()0(6) -113 ~113 ~79.1 11.6
1Xo(2)/0(6) -112 -108 -79.8 10.9
Xo@)02) -122 -106 -90.6 0.00

the C(2)=0---Na*...0=C(C(2) axis. By scanning the rotation of one
of the theophylline substituents about the C(2)=0-. - -Na*...0=C(2)
axis into the fully eclipsed configuration, the electronic energy
increases by an insubstantial 0.1kJmol~!. The chemical signifi-
cance of the electrostatic interaction resulting in free rotation of
the theophylline substituents, is that isomer Xg(2y02) Will pos-
sess an average net zero dipole moment. Although isomer Xo(2)/0(2)
is considered to be the dominant species, the existence of spec-
tral contributions from isomers VIllp)0(6) and IXge)0(s) in the
IRMPD spectrum should not be neglected since their calculated
free energies relative to X(;)0(2) are only 11.6 and 10.9Kk] mol-1,
respectively. A detailed image of the optimized structure of isomer
Xo(2)0(2) is depicted in Fig. 4.

The gas phase IR action spectrum of the SCBD of theophylline
has been obtained by mass-isolating the ion at m/z 383 and per-
forming IRMPD to afford sodiated theophylline at m/z 203. The
intensities of both precursor and product ion have been used with
Eq. (1) as a function of FEL photon energy to produce a high qual-
ity IRMPD spectrum clearly showing several diagnostic modes.
The IRMPD spectrum of the SCBD of theophylline and calculated
harmonic spectra of the three most favourable isomers, includ-
ing an anharmonic spectrum of isomer Xg(2)0(2), are shown in
Fig. 5 with spectral assignments available in Table 3. Although
isomer Vlgy N9y is significantly higher in free energy (298K)
than isomers VIlggyo(6), Xo)yoe6) and Xoz)yo). its spectrum
is also included in Fig. 5 demonstrating calculated vibrational
signatures of a dimer possessing an inefficient sharing of Na*,
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Fig. 3. Calculated stable structures of the SCBD of theophylline, with bond lengths in Angstroms (A) and optimized at the B3LYP/6-311+G(d,p) level of protocol.

specifically engaged in a C(2)=0---Na*---N(9) interaction between
the theophylline molecules. The IRMPD spectrum of the SCBD of
theophylline exhibits vibrational signatures indicative of exclu-
sively C=0. - -Na*. . .O=Cinteractions. The spectral feature predicted
to occur at 1743 cm~! according to the calculated spectrum of iso-
mer VIlg;yn9), but absent from the IRMPD spectrum, arises from
the asymmetric stretches (v;s) of two free carbonyls located at
C(2) and C(6) of one of the theophylline molecules. Based on the
calculated relative free energy (298K) of isomer Vllg;yn(g) and
the IRMPD spectrum of the SCBD of theophylline, it is reasonable
to assume that no appreciable quantity of a C(2)=0.--Na*---N(9)
interacting isomer exists under the experimental conditions.

The first prominent signature observed in the IRMPD spectrum
is located at 1758 cm~! and is associated with the symmetric (vs)
and asymmetric (v, ) free carbonyl stretches of C(2)=0 and C(6)=0,
with the dominant contribution arising from the more intense
asymmetric mode. Our previous work [4] has shown the free car-
bonyl stretch of the PBD of theophylline and ammonia to exist at
1757 cm~! in the IRMPD spectrum, supporting the spectral assign-
ment proposed here. In all three of the lowest energy isomers
(VIHO(G)/O(G)v IXO(Z)/O(G) and Xo(z)/o(z)) the free C(2)=0 and C(6)=O
stretches are located consistently at 1776 and 1782 cm™!, respec-
tively, with the calculated harmonic values lying blue-shifted of the
experimental peak. Anharmonic calculation of the spectrum of iso-
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Fig.4. (i) Calculated structure of isomer Xo(2y/0(2) of the SCBD of theophylline, with bond lengths in Angstroms (A) and optimized at the B3LYP/6-311+G(d,p) level of protocol,
with half of the ion labelled since it possesses exact bond symmetry in each of the theophylline substituents. (ii) A view of the dihedral angle (in degrees) formed by looking

down the C(2)=0---Na*-..0=C(2) axis.

mer Xo(2)0(2) Places the mode at 1744 cm~1, which is red-shifted
relative to the experimental peak, suggesting that neither the har-
monic or anharmonic oscillator approximations are able to closely
simulate this particular mode at the B3LYP/6-311+G(d,p) level of
protocol. Another visibly dominant peak in the IRMPD spectrum is
located at 1646 cm~! and can be attributed to a strong asymmetric

Table 3

carbonyl stretch associated with C=0. - -Na* interaction. The vibra-
tional signatures through the spectral range of 1600-1650cm™!
are rather broadened; however, the IRMPD spectrum shows what
could be described as a small shoulder located at 1625 cm~!, which
can be ascribed to a weak asymmetric carbonyl stretch associ-
ated with C=0.--Na* interaction. The calculated harmonic values

Infrared peak assignments associated with the IRMPD and calculated spectra for the SCBD of theophylline presented in Fig. 5. A subscript on a carbon atom indicates which
theophylline molecule the mode is associated with. The value in parentheses next to a carbon atom indicates the atom number. Photon energies and MADs from the IRMPD
photon energies are reported in units of cm~!. Values shown in parentheses next to photon energies are calculated intensities in units of km mol~'.

Mode IRMPD Xo)0(2) Xo(2)0(2) IXo2)/0(6) Vo (6)0(6)
(harmonic) (anharmonic)

Vas(C1(2)=0- - -Na* +C5(2)=0- --Na*) + v5(Cy2(2)=0. - -Na* +Cy5(6)=0) 1758 1782 (792) 1744 = =
V5(C1(2)=0. - -Na* +C(2)=0- - -Na*) +v5(Cy2(2)=0. - -Na* +C;5(6)=0) 1782 (441) 1744 - -
Vas(C1(6)=0- - Na* +C5(6)=0- - -Na*) + v5(Cy2(6)=0- - -Na* +C;»(2)=0) - - - 1776 (688)
Vas(C1(2)=0+C3(2)=0) - - - 1776 (391)
vs(C1(6)=0+C;(2)=0- - -Na*) = = 1782 (618) =
v5(C2(2)=0+C,(6)=0- - -Na*) - - 1776 (539) -
Vas(C1(6)=0- - -Na* +C5(6)=0- --Na*) +1,5(C12(6)=0- - -Na* +Cy2(2)=0) 1646 - - - 1672 (2297)
V5(C1(6)=0- - -Na* +C5(6)=0- - -Na*) + va5(Cy2(6)=0- - -Na* +C;(2)=0) 1625 - - - 1687 (13)
V25(C1(2)=0- - :Na* + C3(6)=0- - :Na*) + vas(C12(2/6)=0- - -Na* + Cy5(6/2)=0) = = 1660 (1554) =
Vas(C1(2)=0. --Na* +C;(6)=0) - - 1629 (179) =
V25(C2(6)=0. - -Na* +C;(2)=0) - - 1623 (189) -
Vas(C1(2)=0- - -Na* +C5(2)=0- - -Na*) + v45(C12(2)=0- - -Na* +C;2(6)=0) 1656 (1658) 1620 = =
1628 (384) 1592 = =
0s(N(7)-H+C(8)-H) +85(CH3) 1568 1578 (205) 1534 1578 (187) 1577 (283)
1250 1256 (58) 1231 1263 (51) 1263 (84)
1435 1429 (287) 1387 1430 (147) 1429 (158)
Vst 1363 1364 (37) 1326 1364 (28) 1354 (24)
0(C(8)-H)+85(CH3) 1220 1217 (87) 1190 1223 (31) 1222 (46)
0as(N(7)-H) +C(8)-H 1096 1114 (70) 1088 1122 (15) 1122 (19)
p(CH3) 1061 1060 (98) 1036 1061 (49) 1053 (34)
MAD from IRMPD 0 11 28 10 22
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Fig. 5. IRMPD spectrum of the SCBD of theophylline (bottom) and the calculated
harmonic spectra of three of the lowest energy isomers (Xo(2y0(2), IXo(2)06) and
VIlIy6)006)) determined at the B3LYP/6-311+G(d,p) level of protocol (scaled by
0.9679). The calculated anharmonic spectrum of Xo(yo(2) is indicated by a blue-
coloured dashed line. The calculated harmonic spectrum of isomer Vo) (o) is
included to demonstrate vibrational signatures of a C(2)=0---Na*-.-N(9) interac-
tion. Intensities for the experimental and calculated spectra are in relative units of
IRMPD efficiency and km mol~!, respectively.

of the subsequently described modes for isomer Xq(2)/0(2) are pre-
dicted to occurat 1656 and 1628 cm~1, respectively, and are in good
agreement with experiment. This is followed closely by the sec-
ond most favourable isomer, IXo(2)0¢6), With calculated harmonic
values located at 1660 and 1629 cm~!, respectively. Finally, iso-
mer VIl 6y/0(6) has two calculated harmonic values attributed to
asymmetric and symmetric Na*...O=C stretches located at 1687
and 1672 cm~1, respectively, showing less evidence to support the
existence of isomer VIllyg)/0(6) under the experimental conditions.
Calculated anharmonic values for the peaks located at 1646 and
1625cm! in the IRMPD spectrum for isomer Xo(2)/0(2) are 1620
and 1592 cm™!, respectively, again demonstrating a red-shift from
experiment.

There are several other spectral assignments detailed in Table 3
and shown by Fig. 5 suggesting that IXg(2y06) and Xo(2)0(2) are
the dominant isomers displayed in the IRMPD spectrum, which is
also consistent with the predicted relative free energies (298 K)
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Fig. 6. The calculated harmonic spectra of theophylline (I - dashed green), sodi-
ated theophylline (IVq(,) - solid red) and the SCBD of theophylline (Xo(2)/02) — solid
blue) determined at the B3LYP/6-311+G(d,p) level of protocol (scaled by 0.9679).
The labels a and b show the frequency shifts of the theophylline C=0 stretching
modes upon sodiation.

obtained by electronic structure calculations (Table 2). Although
calculated IR intensities will not be compared here to IRMPD
intensities due to the complex nature of the IRMPD process, the
match between the calculated harmonic frequencies of both iso-
mers IXo(2)06) and Xooyoz) with the IRMPD spectrum of the
SCBD of theophylline is very good, with a MAD of only 10 and
11 cm™!, respectively. If the ions are assumed to be thermalized
by sufficient collisions with helium buffer gas and cannot readily
isomerize during the IRMPD process, then calculations of the free
energies of SCBD formation (298 K) predict the distribution of iso-
mers IXo(2)/0(6) and Xo(2)/0(2) to exist as approximately 1-81. If the
IRMPD efficiencies of the isomers are assumed to be equivalent,
then Xg(2)/0(2) should be the dominant isomer shown by the IRMPD
spectrum of the SCBD of theophylline.

A particularly interesting feature of the calculated harmonic
spectrum of Xg()0(2) is its resemblance to that of sodiated
monomer IVq,) (Fig. 6). Bond lengths of theophylline bound to Na*
in IVq(y) are identical to those found in both of the theophylline
molecules bound to Na* in Xo(2)0(2), With the only exception being
a difference in the distance of the C(2)=0. - -Na* electrostatic inter-
actions. The length of the C(2)=0---Na* interactions in IV(;) and
Xo(2)j0(2) are 2.10 and 2.13A, respectively. The calculated har-
monic frequencies of the C=0 stretching modes a and b are 1759
and 1719cm! for theophylline, 1788 and 1653 cm~! for IVqy)
and 1782 and 1656cm~! for Xo(2)j02), respectively (Fig. 6). The
striking similarity of the calculated C=0 stretching frequencies in
the harmonic spectra of IVg(y) and Xg(2y0(2) suggests that addi-
tion of a second theophylline molecule to IV(;) to form Xo(2)/002)
does not involve significant interaction between the theophylline
molecules. The Na* effectively electrostatically anchors the groups
at a long distance (4.28 A), dramatically reducing anharmonicity
as a result of minimizing interactions between the theophylline
molecules. Finally, the average intensity of the calculated harmonic
spectrum of Xg(2)/02) is approximately twice that of IVq(,), which
is intuitive since each Xg(2)/0(2) has twice as many theophylline
molecules available to absorb IR radiation, relative to IVg(y).

4. Conclusions

The gas phase IRMPD spectrum of the SCBD of theo-
phylline has been obtained and characterized using energetic
and spectral information provided by electronic structure
calculations at the MP2(full)/aug-cc-pCVTZ[Na,N(9),0(2),0(6)]/6-
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311+(2d,2p)//B3LYP/6-311+G(d,p) and B3LYP/6-311+G(d,p) levels
of protocol, respectively.

The IRMPD spectrum and electronic structure calculations have
shown the most stable isomer of the SCBD of theophylline exists as
Xo(2)/0(2) @ highly symmetric zero average dipole moment species,
followed by isomers IXq 2y 0.6y and VIg gy 0(6), With calculated dif-
ferences in relative free energies (298 K) of 10.9 and 11.6 k] mol~!,
respectively at the MP2(full)/aug-cc-pCVTZ[Na,N(9),0(2),0(6)]/6-
311+(2d,2p)//B3LYP/6-311+G(d,p) level of protocol. Considering
the existence of thermalized ions under the experimental con-
ditions and assuming that the IRMPD efficiency of IXg(2)0(6)
is similar to Xgpyoz) and VIge)oe), then the calculated
free energies of SCBD formation (298K) predict that a sta-
tistical distribution of XO(Z)/O(Z) to IXO(Z)/O(G) and V"IO(G)/O(G)
should exist as approximately 81-1 and 108-1, respectively.
The IRMPD spectrum shows no presence of SCBDs exhibiting
inefficient (C(2/6)=0---Na*-.-N(9)) or efficient (N(9)---Na*---N(9))
nitrogen-Na* interactions, which is also consistent with the pre-
dictions of electronic structure calculations.

For Xo(2)j02), the large interatomic distance (4.28 A) between
the oxygen atoms on the C(2)=0.--Na*...0=C(2) axis provides
sufficient separation of the theophylline molecules such that the
effects of anharmonicity are significantly reduced relative to that
observed for more tightly associated electrostatic ions, such as the
PBD of theophylline and ammonia [4]. This is demonstrated by the
match of the calculated vibrational signatures to Xo(2)/0(2) to that
of the experimental IRMPD spectrum, with a MAD of the calcu-
lated harmonic and anharmonic frequencies of 11 and 28 cm™!,
respectively. It has also been shown computationally that the sodi-
ated monomer (IV,)) possesses nearly identical C=0---Na* IR
stretching signatures as Xo(2)/0(2), further supporting the conclu-
sion that addition of a second theophylline molecule to IVq,),
to form Xo(2)/0(2). does not significantly perturb the diagnostic IR
frequencies of either theophylline molecule. The consequence of
these observations is substantial due to the huge computational
cost of performing anharmonic, rather than harmonic, analyses at
the B3LYP/6-311+G(d,p) level of protocol, with the anharmonic and
harmonic frequency calculations for Xg(;)/0(2) requiring 56 and 1.5
days, respectively.
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