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The photophysical properties of 5¢-guanosine monophosphate (5¢-GMP) and polyguanylic acid
{poly(G)} in D2O solutions of varying pH have been studied using picosecond transient infrared
absorption spectroscopy. Whereas in neutral or weakly alkaline solution only the vibrationally excited
electronic ground state of 5¢-GMP is observed, in acidic solution the relatively long-lived (229 ± 20 ps)
electronic excited state of protonated 5¢-GMP, which possesses strong absorptions at 1517 and
1634 cm-1, could be detected. The picosecond transient behaviour of polyguanylic acid in acidic
solution is also very different from that of the polynucleotide in neutral solution due not only to the
protonation of guanine moieties yielding the protonated excited state but because of the disruption of
the guanine stacks which are present in the species in neutral solution.

Introduction

Picosecond time-resolved infrared (ps-TRIR)1–8 is emerging as
a powerful technique for the study of the photophysical pro-
cesses in nucleic acids. TRIR has followed on from the study
of DNA systems by both UV-vis transient absorption and
fluorescence techniques.10–13 Our work seeks to understand how
photochemically driven reactivity is altered by environmental
perturbations and/or interaction with other nucleic acid bases,
as found naturally in polymeric and stacked forms of the bases. To
this end guanine nucleotides and polynucleotides are particularly
interesting. Guanine has the lowest ionization potential of the
four DNA bases and consequently is most susceptible to photo-
oxidation, a process that leads to the formation of radical cations
which may lead to DNA damage, mutation and the onset of
cancer.4,14 Guanine is also interesting for its ability, through
Hoogsteen binding, to form tetrad structures (1).

The mononucleotides 5¢-GMP and 5¢-dGMP are only very
weakly luminescent and this has been attributed to the ultra-short
lifetime (860 fs for 5¢-dGMP from fluorescence upconversion)15 of
the emitting singlet excited state, caused by very rapid internal
conversion to form a vibrationally excited electronic ground
state.16 The relaxation of this latter species through coupling to
the solvent occurs on the picosecond time scale and has previously
been characterised by ps-TRIR measurements.1,3 However, it is
known that very simple modifications of nucleic acids, such
as chemical substitution or the presence of a ribose group or
protonation, may significantly change the excited state lifetimes.17

In this light the protonation of 5¢-GMP to form 5¢-GMPH+ (2)
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(pKa = 2.3) is known to have a dramatic effect on the lifetime of the
electronic excited state. The protonated form is significantly more
fluorescent than the neutral base. In the first transient spectroscopy
study of this system, Fujiwara et al.18 used a synchroscan streak
camera to monitor the effect of pH on the lifetimes of the excited
states of guanine, guanosine and 5¢-GMP. They observed that
the lifetime of the excited state of 5¢-GMP was significantly
longer at acidic pH (ca. 200 ps) than for the neutral molecule.
Guanosine (Guo) at pH 3 has also been investigated by Peon and
Zewail using femtosecond up-conversion transient fluorescence
methods.15 Here, three lifetime components were recorded [t 1=
660 fs (67%), t 2= 3.4 ps (18%) and t 3= 209 ps (15%)]. The long-
lived component was in agreement with fluorescence observations
made using a streak camera and attributed to the GuoH+ species.
The subpicosecond component was the same as that recorded for
the unprotonated Guo in neutral solution and as such attributed
to the presence of this species. The 3.4 ps component was
attributed to relaxation processes within the S1 state of protonated
guanine. Pecourt et al. in their femtosecond pump–probe transient
absorption study of 5¢-GMPH+ again observed the presence of the
long-lived component, t = 194 ps.16 These results are therefore all
consistent with the lifetime of the fluorescing singlet excited state
of 5¢-GMPH+ being ca. 200 ± 20 ps.

Under certain conditions, guanine-based Hoogsteen tetrads
may form extended structures through stacking interactions.19,20

Such stacking interactions have been considered in light of the
presence of repeat runs of guanine in the human telomeric
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sequence found at the end of chromosomal DNA.21 FTIR is a
powerful technique for probing the DNA secondary structures
present in solution, as bands in the region 1500–1700 cm-1 are very
sensitive to stacking interactions. For example, the characteristic
IR bands of 5¢-GMP undergo marked changes in frequency and
intensity when guanine is present in ordered structures.20 In our
initial ps-TRIR study of guanine-rich systems we observed that
systems containing stacked guanine tetrads, such as 5¢-GMP at
high concentration or polyguanylic acid [poly(G)] showed a long-
lived transient in addition to the vibrationally excited ground
state. This transient species was assigned to an excimer within
the stacked structure.3

In the present publication, we use ps-TRIR to follow the excited
state processes in 5¢-GMP in neutral, acidic and alkaline D2O
solutions. We then consider the effect protonation of the guanine
base has on the photodynamics of poly(G), a system that is
known to adopt interesting secondary structures based on stacked
guanine tetrads.3 Note that under our experimental conditions all
exchangeable protons are replaced by deuterons.

Experimental

Materials and sample handling

The 5¢-H2GMP was supplied by MP Biomedicals Inc. as
the 5¢-H2GMP free acid, purity 98–100%. The 5¢-Na2GMP,
polyguanylic, phosphate buffer components, D2O and other
reagents were all supplied by Sigma-Aldrich. Samples were
prepared by weighing out an amount of the nucleotide base
or polynucleotide into an eppendorf followed by the addition
of a known amount of D2O or D2O buffer solution and the
concentration was determined by UV measurements.

Picosecond time-resolved infrared (ps-TRIR) experiments

The ps-TRIR experiments were carried out at the Central Laser
Facility of the Rutherford Appleton Laboratory. This apparatus
has been described previously9 and a brief description is given in
the ESI.† The sample was excited with a 150 fs 267 nm pulse of
energy approximately 2 mJ with a spot size of between 150–200 mm.
The data were collected in a number of 150 cm-1 wide spectral
windows centred at approximately 1625 and 1565 cm-1 using the
delay line for optical delays between 2 ps and 1.5 ns, normally at
2, 3, 4, 5, 6.5, 8, 10, 12.5, 15, 20, 35, 50, 100, 150, 200, 500, 1000
and 1500 ps. The sample in D2O was placed between two 25 mm
CaF2 plates in a Harrick cell. For low concentration experiments
a 12 mm Teflon spacer was used and no spacer was used in the
case of high concentration experiments. Ground state UV-vis and
FTIR spectra were recorded before and after all experiments using
a Perkin Elmer Lambda 2 and a Nicolet Avatar 360 respectively
to ensure that no photodegradation occurred during the ps-TRIR
experiments.

Results

5¢-GMP and 5¢-GMPD+

5¢-GMP excited by a 150 fs pulse of 267 nm radiation shows
results very similar to those of 5¢-dGMP which has previously
been characterised at pH 7 by ps-TRIR1,3 (see also ESI). In

these experiments the bleached bands of the ring (1581 cm-1) and
carbonyl (1669 cm-1) stretches were found to decay rapidly (<6 ps).
This rapid decay was attributed to cooling of the vibrationally hot
ground state after relaxation from the electronically excited state.
Interestingly, the rate of recovery to the thermally equilibrated
ground state is different for the ring-based vibration (lifetime
3.1 ± 0.3 ps) than for the carbonyl-based vibration (4.7 ± 0.4 ps),
suggesting that there is some degree of mode-specific interaction
with the solvent.3 The IR transient absorptions also show a
characteristic tracking behaviour with the absorption maximum
moving to higher wavenumber as the transient decays.3

To explore the influence of pH on this system, 5¢-GMP was first
monitored in acidic D2O solution (pD 2) at various delays after
267 nm excitation (Fig. 1). The behaviour observed at this pH
was found to be very different from that in neutral solution. The
protonation of 5¢-GMP, at the N7 position of the imidazole ring
to form 5¢-GMPD+, results in major changes in the ground state
FTIR spectrum. The ring band at 1578 cm-1 is accompanied by an
additional band at 1608 cm-1 and the carbonyl band is found to
shift from 1669 to 1689 cm-1. The three bands manifest themselves
as bleaches in the ps-TRIR and two intense transient absorption
bands are present at 1517 and 1634 cm-1. Both transient bands for
this excited state occur at lower frequency than for the ground state.
While assignment of the transient bands will require examination
by computational methods, we provisionally assign these to the
purine-ring based (1517 cm-1) and carbonyl based (1634 cm-1)
vibrations as in the ground state. In the case of the carbonyl this
suggests an excited state with less double bond character than the
ground state.

Fig. 1 ps-TRIR of 10 mM 5¢- Na2GMP under acidic conditions, 0.132 M
H3PO4 in D2O, with FTIR below (blue). Spectra at delays of -25 ps (green),
2–10 ps (red) and 15–1000 ps (black).

Analysis of the kinetics of the bleach and transient decays reveals
a monoexponential recovery to the ground state, with a lifetime
of 229 ± 20 ps (Fig. 2). This is considerably longer than observed
for 5¢-GMP under neutral conditions and is consistent with the
presence of a protonated excited state, which has previously
been identified by fluorescence15,18 and transient visible absorption
spectroscopy.17

Next 5¢-H2GMP was studied in unbuffered D2O solution. Under
these conditions a mixture of the protonated and neutral species
is present, as can be seen from the FTIR (bottom of Fig. 3a).
The ps-TRIR indicates the presence of two different decaying
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Fig. 2 Kinetic analysis of ps-TRIR data for 10 mM 5¢-Na2GMP under
acidic conditions, 0.132 M H3PO4 in D2O. Kinetics recorded at the
carbonyl and ring bleach and associated transient positions 1687 cm-1(�),
1631 cm-1(★), 1610 cm-1(�), 1578 cm-1(�) and 1514 cm-1 (�). 1578 and
1687 cm-1 traces calculated over the range of 2–1000 ps with 1514, 1610,
and 1631 cm-1 calculated over the range 20–1000 ps.

Fig. 3 ps-TRIR and FTIR of 10 mM 5¢-H2GMP in unbuffered D2O.
(a) Spectra at delays of -25 ps (green), 2–10 ps (red) and 20–1500 ps (black).
(b) Kinetics recorded at the carbonyl and ring bleach and associated
transient positions: 1677 cm-1 (�), 1635 cm-1 (�), 1584 cm-1 (�) and
1547 cm-1 (�).

species, one fast (1580 and 1669 cm-1, appears in red) and one slow
(1578, 1608 and ca. 1689 cm-1, appears in black). This difference in
behaviour is most striking in the carbonyl region (1650–1700 cm-1)

of the ps-TRIR spectra (Fig. 3a), where the vibrationally excited
ground state (red component of the transient) is easily discernible
from the longer-lived protonated excited state (black component
of the transient). Analysis of the bands characteristic of the neutral
species yields short decay kinetics. For example for the carbonyl
(1677 cm-1) and ring (1584 cm-1) bleached bands, lifetimes of
3.6 ± 0.3 ps and 5.1 ± 0.5 ps were found. The decay times of the
corresponding transient absorptions also display similar kinetics
with decay times of 3.5 ± 0.3 ps and 3.3 ± 0.3 ps observed at
1635 cm-1 and 1547 cm-1 respectively. In turn, examination of
the features associated with protonated species give long-lived
lifetimes in agreement with those reported above. For example, the
carbonyl bleach at 1690 cm-1 recovers with a lifetime of 224 ± 23 ps
(measured between 20–1500 ps) while the associated transient at
1635 cm-1 decays with a lifetime of 205 ± 41 ps. The transient
feature at 1517 cm-1 displays features of the neutral and protonated
form with a short decay times of 3.1 ± 0.5 (56%) and a long 243 ±
24 (44%) respectively. The results of the kinetic analysis at each of
the transient absorption and bleaching maxima are presented in
Table 1.

5¢-GMP was also studied under mildly alkaline conditions
(pH 8.5). The results obtained at this pH were found to be very

Table 1 Decay times for 5¢-GMP in neutral solution and poly(G) in
neutral and acidic solution

Guanine system
FTIR/
cm-1 Lifetime (ps) and % contribution

5¢-GMP neutrala 1577 1553 (T) 3.5 ± 0.3, 1587 (B) 4.7 ± 0.4
1662 1642 (T) 3.3 ± 0.3, 1676 (B) 3.1 ± 0.3

5¢-Na2GMP in
0.132 M H3PO4

b
1577 1514 (T) 239 ± 9

1607 1610 (B) 229 ± 5
1688 1578 (B) 6.5 ± 2.2 (27%), 218 ± 21 (73%)

1631 (T) 240 ± 20
1687 (B) 7.0 ± 1.5 (15%), 220 ± 7 (85%)

5¢-H2GMP in D2Oc 1577 1517 (T) 3.1 ± 0.5 (56%), 243 ± 24 (44%)
1607 1547 (T) 3.3 ± 0.3
1662 1579 (B) 3.3 ± 0.1 (89%), 220 ± 27 (11%)
1688 1584 (B) 5.1 ± 0.3, 194 ± 24

1635 (T) 3.5 ± 0.3 (83%), 205 ± 41 (17%)
1677 (B) 3.6 ± 0.3
1690 (B) 224 ± 23

Poly(G)d 1581 1553 (T) 3.6 ± 0.7 (68%), 35 ± 9 (28%)
1610 1599 (T) 3.7 ± 0.5 (59%), 36 ± 4 (41%)
1687 1608 (B) 2.5 ± 1.4 (60%), 52 ± 18 (40%)

1648 (T) 4.5 ± 0.6 (72%), 36 ± 8 (28%)
1687 (B) 5.1 ± 1.4 (47%), 37 ± 6 (53%)

Poly(G)H+ e 1577 1559 (T) 9 ± 2 (58%), 133 ± 30 (42%)
1603 1584 (B) 24 ± 9 (56%), 190 ± 75 (44%)
1673 1606 (B) 18 ± 4 (70%), 201 ± 85 (30%)
1698 1640 (T) 17 ± 6 (46%), 92 ± 25 (54%)

1672 (B) 18 ± 4 (80%), 190 ± 131 (20%)
1689 (B) 16 ± 4 (69%), 118 ± 48 (31%)
1702 (B) 13 ± 4 (57%), 104 ± 31(43%)

(B) = bleach; (T) = transient.a Range of 2–100 ps. b Range of 20–1000 ps
for long single exponential times and for biexponential result range of
2–1000 ps. c Short single exponential range of 2–100 ps, long single
exponential range of 20–1500 ps and any biexponential range of 2–1500 ps.
d Range of 2–500 ps. e The range was 3–500 for 1640 cm-1 and 3–1500 ps
for all other bands.
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similar to those observed at neutral pH (ESI, Fig. S1a†). Regions
of transient absorption and depletion (‘bleaching’) of the ground
state ring and carbonyl bands are present. The bleached bands
were found to recover with lifetimes of t = 2.7 ± 0.3 ps (1675 cm-1)
and 5.2 ± 0.5 ps (1587 cm-1) respectively (ESI, Fig. S1b†). These
data are comparable to the results found for 10 mM 5¢-GMP
in neutral conditions {i.e. 3.1 ± 0.3 ps (1676 cm-1) and 4.7 ±
0.5 ps (1587 cm-1)}.1,3 The results complement those already in the
literature and clearly show that chemical changes can be readily
identified and monitored using TRIR. However, as biological
systems are based on polynucleotide sequences we now consider
the effect of protonation on a guanine-based polymer as seen by
ps-TRIR.

Poly(G) and poly(GH+)

Guanine bases are known to self-assemble in solution to form
stacked tetrads through Hoogsteen hydrogen bonding.19 This
phenomenon is also found for poly(G) which forms a four-
stranded helical structure. The formation of this structure is readily
observable using circular dichroism.21 The spectrum is dominated
by an exciton couplet characterized by a positive band at ca.
260 nm with a shoulder at ca. 290 nm, and a negative maximum
at ca. 240 nm (Fig. 4). The presence of these bands under the
experimental conditions indicates the existence of the assembled
form in solution.

Fig. 4 Circular dichroism of 10 mM 5¢-H2GMP in 0.132 M H3PO4,
11.3 mM poly(G) in 0.132 M H3PO4, 11.3 mM poly(G) in 0.264 M H3PO4,
11.3 mM poly(G) in 50 mM potassium phosphate buffer, all samples
in D2O.

The presence of guanine stacked tetrads is also readily identified
by FTIR spectra. The guanine carbonyl and ring stretches both
undergo changes upon the formation of the stacked Hoogsteen
hydrogen bonded guanines.20 A narrowing of the carbonyl band is
observed and the band shifts to higher wavenumbers (1663 cm-1 to
1688 cm-1), while the ring bands are found to undergo significant
hypochroism (see ESI, Fig. S2†). In Fig. 5a and 5c the ps-TRIR,
2 ps after excitation, of poly(G) and 5¢-GMP, at neutral pH are
compared. As expected from the FTIR, the bleaching of the
ring-based vibrations of poly(G) are noticeably suppressed and
there is a sharpening of the carbonyl vibration, which shifts from
1669 cm-1 to 1690 cm-1, indicating the formation and stacking of

Fig. 5 ps-TRIR spectra all recorded at 2 ps of (a) 10 mM 5¢-GMP in
50 mM potassium phosphate D2O buffer at pH 7, (b) 10 mM free acid
5¢-GMP in 0.132 M H3PO4 in D2O, (c) 11.4 mM poly(G) in 50 mM
potassium phosphate D2O buffer at pH 7 and (d) 11.3 mM poly(dG) in
0.132 M H3PO4 in D2O.

guanine tetrads.20 The kinetic behaviour of the poly(G) also differs
markedly from that of 5¢-GMP in dilute solution. (However, it is
similar to that of the stacked system formed in the presence of high
5¢-GMP concentration.3) Analysis of the recovery of the carbonyl
bleach at 1687 cm-1 reveals a biexponential process with a short
component of 5 ± 1 ps (47%) and a longer component of 37 ±
6 ps (53%). Interestingly, whilst the short lifetime is comparable
to that observed for the vibrationally hot ground state of 5¢-GMP
there is an absence of any tracking of the bands. This phenomenon
has been recently observed in other polymer systems and may be
explained by a delocalization of the excess vibrational energy over
neighbouring bases in the polymer form.8 The longer-lived species
is assigned to an excimeric excited state.3

Next the effect of protonation of the poly(G) has been studied in
D2O. The CD of poly(G) (Fig. 4) shows that in the presence of acid
there is a change in sign of the band at 290 nm and a shift in the
intensity and position of the positive band at 260 nm to 255 nm.
Furthermore, the band at 240 nm disappears. These results are
in good agreement with those observed previously under similar
conditions.21 The spectra are closely similar at both 0.132 M
and 0.264 M H3PO4, showing that the extent of protonation is
independent of the acid concentration in this range. As expected,
the decrease in pH results in changes in the ground state FTIR
spectrum. The ring vibrations are no longer suppressed with two
bands observed at 1577 and 1603 cm-1 and the region associated
with the carbonyl bond is dominated by a broad structured band at
1700 cm-1 with a shoulder of lower intensity between 1663–75 cm-1

(Fig. 6). These changes are attributed to protonation of guanine
within the polymer and a disruption of the tetrad stacking. The
ps-TRIR, 2 ps after excitation, of poly(G) under acidic conditions
is shown in Fig. 5d. All four ground state IR absorption bands
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Fig. 6 (a) ps-TRIR of 11.3 mM poly(G) under acidic conditions, 0.132 M
H3PO4 in D2O with FTIR below. Spectra at delays of -50 ps (green),
2–10 ps (red) and 20–1000 ps (black). Spectra recorded in windows centred
at 1557 cm-1 and 1633 cm-1 and joined at 1561 cm-1.

appear as bleaches in the ps-TRIR spectra and, in addition, there
are two strongly absorbing transient signals observed, one between
1500–1550 cm-1 and a second broad band centred at 1640 cm-1.
These bands are assigned to a ring-based vibration and a carbonyl
vibration in the excited state respectively. Significantly, both the
bleaching and transient absorption regions of the spectrum are
found to be similar to that observed for 5¢-GMPD+ at the same
time of 2 ps (Fig. 5b).

The ps-TRIR profiles of protonated poly(G) recorded at delays
2–1500 ps are shown in Fig. 6. Examination of the data reveals
complex kinetics, with biexponential decay and recovery, observed
in the bleach and transient features (Table 1). The faster decaying
component is markedly longer-lived and the slower-decaying
species is significantly shorter-lived, than their counterparts in
neutral poly(G). The short times are possibly extended due to the
superposition of a number of short-lived states which result from
incomplete protonation.

Discussion

The mechanism by which nucleic acids dissipate excess energy
is a subject of increased interest.12,23 In the case of 5¢-GMP it is
now recognised that the initially formed 1pp* state undergoes rapid
internal conversion at a conical intersection forming the electronic
ground state with considerable excess vibrational energy.16 It is this
‘hot’ ground-state transient behaviour that can be monitored at
early, <5 ps, times in our ps-TRIR experiments.1,3 The speed of
energy loss from this species has been shown to be dependent
on the vibrational mode involved and is slightly faster for the
vibration associated with the carbonyl group than for that of
the ring (C=C, C=N).3 The current study further supports the
contention that for 5¢-GMP the species observed under these
neutral/weakly alkaline conditions is the vibrationally excited
ground electronic ground state.

By contrast in strongly acidic D2O solution, quite different
behaviour is observed. Under these conditions the ground state
is protonated at the 7-position, giving 5¢-GMPD+.24 This results
in removal of electronic charge from the pyrimidine ring. The
subsequent decoupling of the C=O mode with the solvent through
less hydrogen bonding leads to a shifting of the C=O mode

by 21 cm-1, representative of more double bond character. The
transient observed following 267 nm excitation shows that the
excited state deactivates with a lifetime of 229 ± 25 ps. This is
much longer than that observed from 5¢-GMP in neutral solution
and is closely similar to that observed by fluorescence15 and
transient visible absorption.16,17 This protonated excited state is
characterised by two strong absorption bands in the IR at 1518
and 1634 cm-1. At this stage, in the absence of computational
studies we are unable to unambiguously assign these features that
probably relate to the excited state being a 1pp* state of 5¢-GMPD+.
Interestingly, there is little evidence of the band tracking that is
characteristic of vibrational cooling.2,3,16,25 This would suggest that
either when the protonated excited state is formed, it does so with
only a small amount of excess vibrational energy or that the solvent
coupling is sufficiently increased in this species that vibrational
relaxation is extremely efficient, and as a result we are unable to
observe the tracking behaviour within the time-resolution of our
experiments.

In unbuffered solutions of 5¢-H2GMP both the 5¢-GMP and
5¢-GMPD+ are present. Probing the transient absorption of this
mixture yields spectra and kinetics that are entirely consistent with
the behaviour expected for both species. The characteristic short-
lived vibrationally excited electronic ground state of the 5¢-GMP
is produced and the longer-lived (ca. 200 ps) electronic excited
state of 5¢-GMPD+ is also clearly resolved. The kinetic behaviour
(Table 1) is that expected for the separate 5¢-GMP and 5¢-GMPD+.

Incorporation of 5¢-GMP into a polymeric structure places the
guanine base in a new environment in terms of hydrogen bonding,
stacking interactions and solvation, which are all dependent
on the biopolymer’s secondary structure. Circular dichroism is
particularly sensitive to secondary structure and has the advantage
of an extensive library of diagnostic band positions. The buffered
poly(G) sample was found to have a negative band at 240 nm and
a positive band at 260 nm. These CD signals are characteristic
of parallel G4-DNA sequences of the Gn type.21 This secondary
structure, in particular the formation of stacked guanine tetrads,
results in major changes in the ground state IR and the ps-TRIR
behaviour, with the dominating feature being a narrow carbonyl
band at 1690 cm-1.3,20 A biexponential decay is observed with a
short-lived transient (3.7 ± 0.5 ps) and an additional longer-lived
transient (36 ± 4 ps). This can be understood in terms of the new
environment of the guanine base in the polymer, which is different
to that of the monomer in a number of ways. Importantly, both
the solvation and hydrogen bonding arrangements are altered.
Furthermore, base-stacking may lead to electronic coupling due
to orbital overlap. In the case of poly(G) this manifests itself in a
redshift in the UV absorption spectrum (see ESI†).26 Longer-lived
transient signals are commonly found for stacked nucleotides and
have been ascribed to excimer-type excited states.

Moving from neutral to acidic solution is expected to result in
a disruption of the Hoogsteen hydrogen bonding that is present in
the G4-DNA. The CD spectra (Fig. 4) are consistent with a change
in structure which has previously been attributed to the formation
of a protonated double-stranded form.22 Therefore, not only is
the chemical nature of the guanine bases expected to differ from
that of poly(G), the structural environment will also be changed.
The FTIR of poly(G) in acid solution shows distinctly different
features from those of the polynucleotide in neutral solution. The
dominant bands resemble those of protonated 5¢-GMP, with some
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evidence of bands similar to unprotonated 5¢-GMP (e.g. bleach
bands at ca. 1675 cm-1 and at ca. 1580 cm-1 and transients at ca.
1550 cm-1 and ca. 1640 cm-1). It is possible therefore that under
these acid conditions some guanine residues are not protonated.
Analysis of the recovery kinetics for the corresponding bleaches
in the ps-TRIR reveal a fast and a slow phase of the ground state
recovery. The longer recovery has the same rate constant (within
error) as that observed for the transient band at 1587 cm-1 with
decay times of 220 ± 20 ps for 5¢-GMP in acid and 233 ± 18 ps for
poly(G) in acid.

Finally one may note a major difference in the transient ab-
sorptions between the monomeric 5¢-GMPH+ and the protonated
polymer. Thus while 5¢-GMPH+ shows two distinct transient
absorption bands at 1520 and at 1640 cm-1, only the latter band
is clearly defined in the protonated polymer. The reason for this is
unclear and will require further study.

Conclusions

This study demonstrates the ability of ps-TRIR to unravel the
complexities of medium effects on the excited states of nucleic
acids, and in particular how protonation of guanine affects the
photophysical properties of the compounds on both mononu-
cleotide and polymeric systems where base-stacking and Watson–
Crick base-pairing can be significant. The different dynamics
observed between the non-protonated and protonated form of
guanine nucleotide have long been recognised, because of the
latter’s strongly luminescent behaviour. This work reveals that the
protonated excited state has characteristic vibrational absorption
bands, which should assist computational chemists to determine
the structure and electronic properties of this excited state.
The results reported here for 5¢-H2GMP in unbuffered solution
demonstrate a particular strength of ps-TRIR by allowing for the
resolution of both the ground state depletion and the transient
behaviour of a mixture (namely the unprotonated and protonated
forms).

It is well known that the photochemical behaviour of the
polymeric forms of nucleotides is particularly complicated. Our
study with poly(G) reveals how the aggregation of the individual
guanine moieties markedly changes the photophysical properties.
The structure of poly(G) is known to be complex with the forma-
tion of guanine tetrads being a major (but not the only) feature.
We have analysed the transient kinetics with a biexponential
function, although it is likely that this is an approximation. The
short-lived species is ascribed to the vibrationally hot ground
state, indicating that sub-picosecond processes (most probably
internal conversion) play a major role. The longer-lived transient
is assigned to an excimer-like state, the confirmation of which
would require luminescence studies which were not possible in the
current programme.

Finally, we have examined the case of protonated poly(G) where
both protonated and unprotonated guanines are expected to be
present and the extent of stacking compared to that of poly(G)
in neutral solution is much reduced. This additional complexity
makes it difficult at this stage, without computational support, to
explain all the spectral features we observe. However, it is possible
to identify the modes that are most influenced by protonation
and determine their dynamics, which must be directly related to
structural modifications and changes in solvent coupling.
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