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Ground and Excited State Electronic Spectra of
Perylenediimide Dimers with Flexible and Rigid
Geometries in DNA Conjugates’

Prakash P. Neelakandan, Tarek A. Zeidan, Martin McCullagh, George C. Schatz,
Josh Vura-Weis, Chul Hoon Kim, Michael R. Wasielewski and Frederick D. Lewis*

The structure and electronic spectra of six DNA conjugates possessing two face-to-face perylenediimide
(PDI) chromophores have been investigated. Structures of hairpins possessing two adjacent PDI base
analogues opposite a tetrahydrofuran abasic site on the same or opposite strands were simulated using
molecular dynamics. These structures are compared with those previously reported for a duplex and
hairpin dimer possessing PDI linkers. The minimized structures all have face-to-face PDI geometries but
differ in the torsional angle between PDI long axes and the offset between PDI centers. These structures
provide the basis for analysing differences in the electronic spectra of the PDI dimers both in the ground
state (UV-Vis and circular dichroism spectra) and excited state (fluorescence and transient absorption)
determined in aqueous buffer and in the denaturing solvent dimethyl sulfoxide. PDI dimers with rigid
structures and large PDI-PDI torsional angles display large effects of exciton coupling in their UV-Vis
and CD spectra and also display split transient absorption bands; whereas PDI dimers with smaller PDI-
PDI torsional angles and flexible structures display weaker UV-Vis and CD exciton coupling and a single
transient absorption band. The excimer fluorescence maxima and decay times for all of these DNA-PDI

constructs are similar.

Introduction

Perylenediimide (PDI) and its derivatives have an unusual
propensity to form self-assembled dimers and higher aggregates
and thus have been incorporated into a variety of
supramolecular structures.'™ The PDI chromophore has several
advantages in studies of self-association including structured
absorption spectra which display characteristic changes upon
dimer or aggregate formation and high thermal and
photochemical stability. The structure and
spectroscopy of the simplest of aggregates, the PDI dimer, have
been the subject of numerous experimental and theoretical
investigations. Several quantum mechanical studies of the
unconstrained gas phase PDI dimer have shown that it adopts a
co-facial geometry with a torsional angle of ca. 30° between the
PDI long axes.”® The ground state geometry is expected to
determine the extent of exciton coupling and hence the
appearance of the UV-Vis absorption and circular dichroism
(CD) spectrum.” '° However, relaxation of the excited state
dimer geometry could lead to time-dependent changes in the
appearance of the fluorescence and transient absorption spectra
of the excited PDI dimers."" Such changes should be more
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pronounced in dimers with flexible vs. rigid ground state
geometries.

We have reported the synthesis and selected properties of
several bis(oligonucleotide) conjugates possessing the PDI
linker Py, which form PDI dimers upon association (Chart la).
These include complementary single strand conjugates such as
G and C which form the duplex G:C upon hybridization,'? the
PDI-linked hairpin H8 which forms the hairpin dimer (HS8),,"
and dumbbells having two PDI linkers which form 1-
dimensional polymers upon PDI association.'* We have also
reported the synthesis and selected properties of several
hairpin-forming conjugates that incorporated two or more
adjacent PDI base surrogate Pg (Chart 1b)."” These include the
hairpins 2AT and 2AA. All of the conjugates in Chart 1 that
contain two PDI chromophores display similar “dimer-like”
UV-Vis spectra, namely 4%%4%" vibronic band intensity ratios
which are distinctly smaller than the values for PDI monomers
due to exciton coupling.® '*'® However, the sign and intensity
of their CD spectra are strongly dependent upon their ground
state geometries. For example, the duplex G:C displays a
strong exciton coupled CD spectrum in the wavelength region
of the PDI long-wavelength absorption band; whereas, the
hairpin dimer (H8), displays only a weak CD spectrum.'"* As
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shown in Fig. 1, the structures obtained for both G:C and (H8),

from molecular dynamics simulations have z-stacked
geometries; however, the former has a more rigid geometry
with a dihedral angle of 38° between the PDI long axes;
whereas the latter has a low inter-hairpin torsional barrier with

minima near +20°.'?
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Chart 1. (a) Structures of the PDI linker P, the duplexes G:C and A:T and the
hairpin dimer (H8), and (b) the PDI base pair surrogate Ps and abasic site X and
hairpins containing Ps.

Fig. 1. Average orientation of the two PDI residues in duplex G:C (left) and
hairpin dimer (H8), (right, see Chart 1a for structures) viewed from top and side
(only three base pairs on each side of the hairpin dimer are shown).

In spite of the numerous investigations of PDI-DNA
conjugates,” there have been no systematic studies of the
relationship between their ground state structures and UV-Vis,
CD, or fluorescence spectra. In addition, their excited state
transient absorption spectra remain largely unexplored, aside
from our studies of the hairpin dimer (H8),."> ' We report here
the results of a collaborative investigation of the ground state
structures and the steady state and time-resolved spectra of the
four isomeric hairpins 2AT, 2TA, 2AA, and 2TT, which

2| J. Name., 2012, 00, 1-3

possess the PDI base surrogate Pg either in the same or opposite
strands and for the duplex A:T, an analogue of duplex G:C
(Chart la), which possesses only A-T base pairs. The results for
these hairpins are compared with our published results for the
hairpin dimer (HS8),. Differences in ground state PDI dimer
conformation for these six DNA-PDI conjugates, as derived
from molecular dynamics simulations, are related to differences
in both ground and excited state electronic spectra.

Results and Discussion

Synthesis and Molecular Modelling

The conjugates shown in Chart la were prepared as
previously described,'> '* ' using the procedure of Rahe, et
al*® for incorporation of the linker Py. The hairpins shown in
Chart 1b were prepared as previously reported,'> ' following
the procedure of Wagner and Wagenknecht for preparation of
the base surrogate Pg.>> All conjugates were purified and
characterized as described in the Experimental Section.

Quantum mechanical studies of the unconstrained gas phase
PDI dimer have shown that it adopts a co-facial geometry with
a relatively flat potential energy surface having global
minimum with zero displacement of molecular centers.’® A
minimized torsional angle of ca. 30° between PDI long axes is
attributed to attractive electronic interactions between the imide
carbonyl and nitrogen groups. In view of the flat potential
energy surface, the geometry of PDI dimer in a DNA conjugate
structure might be expected to be influenced by the local DNA
structure as well as the PDI-PDI interactions. In the absence of
NMR or X-ray structures for DNA-PDI conjugates, we have
relied upon molecular dynamics simulations to obtain
minimized structures for a wide range of DNA systems
including DNA-PDI conjugates.'> %> 2* We previously reported
the minimized structures for the duplex G:C and the hairpin
dimer (H8), (Chart 1), both of which have co-facial PDI dimer
structures.'> As shown in Fig. 1, the former has a slipped
geometry with a twist angle of 38° between PDI long axes;
whereas, the latter has either a parallel or antiparallel eclipsed
PDI-PDI geometry with twist angles ca. = 20°, somewhat
smaller than for the gas phase PDI dimer.

In the present study we have employed molecular dynamics
simulations to investigate the PDI dimer structure for the three
hairpin conjugates 2AT, 2TA, and 2TT (Fig. 2). Replacing two
adjacent A-T base pairs in canonical B-DNA with a Pg base
surrogate opposite a tetrahydrofuran abasic site analogue (X,
Chart 1b) might be expected to yield antiparallel PDI
chromophores when the two PDI’s are located in opposite
strands and parallel chromophores when the PDI’s are located
in the same strand. The minimized structures for 2TA and 2TT
are consistent with this expectation and have average PDI-PDI
torsion angles of ca. 160° and 20°, respectively (Fig. 3), similar
to those for the unconstrained hairpin dimer (HS8),, and
approximately Gaussian probability distributions. However,
2AT has a parallel
distribution that has a maximum value near 50°. Inspection of
the minimized structure for 2AT (Fig. 2) shows that the two

dimer structure with a probability
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bulky N-alkyl substituents cannot readily rotate past each other
and thus fix the PDI-PDI dihedral angle at a relatively large
positive value. No such barrier to rotation is apparent in the
structures of 2TA or 2TT. As will become evident, this
difference in minimized ground state geometry provides the
basis for understanding the pronounced differences in the
ground and excited state electronic spectra of the PDI dimers.

2AT

Fig. 2. (Top) Overlap between the PDI chromophores and (bottom) the average
structures of hairpins 2AT, 2TA and 2TT from 6 ns MD simulations (only three
base pairs on either side of PDI dimer are shown). See Chart 1b for hairpin
structures.

— 27T
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Fig. 3. Probability distributions for the twist angles between the two PDI residues
in hairpins 2AT, 2TA and 2TT.

UV-Vis Spectra

The long wavelength region of the UV-Vis spectrum of the
diol derivative of chromophore Pg (Ps(OH), Chart S1, ESI) has
a A°%4°" band intensity ratio of ca. 1.66, slightly larger than
the value for the hairpin 1A, and characteristic of PDI
monomers.'' The UV-Vis spectra of the hairpins 2AT, 2TA,
2AA, and 2TT in aqueous buffer (Fig. 4a) have inverted band
intensity ratios (4%%4°" = < 1.0, Table 1). The smaller band
intensity ratios for the PDI dimers vs. monomer are attributed to
exciton coupling between the co-facial PDI chromophores in
the dimers.” "' The band intensity ratios for the anti isomers
2AT and 2TA are lower than those for the syn isomers 2TT and
2AA (Table 1) and the PDI bands for syn isomer are noticeably
broader than those for the anti isomers (Fig. 4a).

This journal is © The Royal Society of Chemistry 2012
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Fig. 4. UV-Vis spectra of hairpins 2AT, 2TA, 2AA and 2TT a) in buffer and b) in
DMSO. Concentrations were adjusted to provide an absorbance of ca. 0.1 at the
A%! band of PDI.

The UV-Vis spectra of the duplex A:T and hairpin dimer
(H8), also have inverted PDI band intensity ratios (4°%/4%" =
0.66 and 0.60, respectively) when compared to that for the diol
derivative of Py, (PL(OH), Chart S1, ESI).'* '* Thus both the
A%%/4%" ratio and the extent of band broadening are dependent
upon the ground state structure of the dimer, as observed in
previous studies.? 6

The long-wavelength regions of the UV-Vis spectra of 2AA
and 2TT are largely unchanged in the polar aprotic solvent
DMSO vs. aqueous buffer; whereas the spectra of 2AT and
2TA in DMSO resemble those of the PDI monomer in 1A (Fig.
4b). Bonner and Klibinov have reported that a 21-mer DNA
duplex is completely dissociated in DMSO.?” Thus we expected
that hairpin base pair dissociation would occur in DMSO. The
values of 4°%/4%" for 2AT and 2TA are, in fact, larger at room
temperature in DMSO (1.30 and 1.40, respectively) than in
aqueous buffer; however they are smaller than the values of
1.5-1.6 expected for isolated PDI chromophores in DNA.
Evidently the PDI chromophores of 2AT and 2TA are largely
but not completely dissociated in DMSO; whereas, the
chromophores of 2AA and 2TT remain associated.

The 260 nm absorbances for the hairpins 2AT, 2TA, 2AA,
and 2TT increase continuously upon heating (Fig. Sla, ESI).
The absence of a well-defined melting transition is attributed to
the lack of cooperative melting for the two hairpin A-T base
pair domains (loop and stem regions) and the PDI-PDI
hydrophobic stacking interaction. The A°°/4° ratios for these
hairpins also increase continuously upon heating (Fig. Slb,
ESI). The maximum values of 4°%/4%" at 95 °C are ca. 0.85

J. Name., 2012, 00, 1-3 | 3
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Table 1. UV-Vis and steady state fluorescence data of PDI-DNA conjugates in aqueous buffer and DMSO.*

. absorption fluorescence
conjugate AO’O,AO’I o o /1M ZE ;
(solvent) (am)® A¥' A () (m)* Drogat, % %E*
(H8), (buffer) 545, 505 0.60 553 657 0.083 33
A:T (buffer) 547,507 0.66 552 665 0.96 100
1A (buffer) 547, 508 1.53 <0.1 0
AT buffer 546, 507 0.69 550, 596 650 0.41 44
DMSO 530, 495 130 539, 580 640 0
STA buffer 546, 507 0.73 550, 600 649 0.26 65
DMSO 529, 493 1.40° 538,579 635 0
buffer 547,507 0.85 550 655 0.25 100
2AA DMSO 537, 499 0.84 540 655 100
J— buffer 545, 506 0.84 549 656 0.33 92
DMSO 536, 499 0.86' 540 654 100

* Concentrations of conjugates adjusted to provide an absorbance of ca. 0.1 at the PDI long-wavelength absorption maximum. All spectra recorded at room
temperature. ® UV-Vis absorption maxima corresponding to the two long wavelength absorption maxima of the PDI chromophore. © Ratio of band intensities. d
Fluorescence maxima assigned to the PDI monomer. ¢ Fluorescence maxima assigned to the PDI excimer. " Sum of monomer and excimer fluorescence. £ % of

room temperature emission assigned to the excimer.

for 2AT and 2AA and 1.0 for 2TA.
significantly lower than the value of 1.5-1.6 for isolated PDI
chromophores, indicative of substantial PDI-PDI hydrophobic
association well above the base-pair melting temperature, even
when the PDI chromophores are separated by 16 nucleotides in
the disordered structures of 2AT and 2TA. This result is
consistent with the observation by Wang et al. of increased
association at high temperatures for PDI chromophores
separated by an 18-mer mixed base single strand which was
attributed to  thermophilic  z-stacking of the PDI
chromophores.”®

These values are

Circular Dichroism Spectra

The CD spectra of hairpins 2AT, 2TA, 2AA, and 2TT and
the duplex A:T display short-wavelength maxima and minima
characteristic of B-DNA duplexes (Fig. 5, S2 and S3, ESI), as
previously reported for the duplex G:C and hairpin dimer
(H8),."” The long-wavelength region of the CD spectra for the
hairpins consists of a positive band at longer wavelength and a
negative band at shorter wavelength (positive Cotton effect) of
approximately equal intensity, corresponding to the two exciton
bands of the dimer absorption spectrum (Fig. S2, ESI). The
spectrum of 2AT is the most intense of these, consistent with
the larger twist angle between the two PDI chromophores (Fig.
3) and its more rigid structure, as indicated by the MD
simulations (Fig. 2).

The long wavelength region of the CD spectrum of A:T
(Fig. S3, ESI) is similar to that reported for G:C, consisting of
a negative band at longer wavelength and a positive band of
approximately equal intensity at shorter wavelength (negative
Cotton effect).'> A positive Cotton effect might have been
expected for a pair of chromophores imbedded in a right-
handed B-DNA duplex, as previously observed for a similar
duplex having stilbenedicarboxamide linkers.?*° The spectrum
of hairpin (H8), (Fig. S3, ESI) displays a weak negative band at
long wavelengths with vibronic maxima similar to that of the

This journal is © The Royal Society of Chemistry 2013

absorption spectrum of P;(OH) and is assigned to induced
circular dichroism of the achiral chromophore in a chiral
environment.'> The absence of a conservative dimer CD
spectrum was attributed to the presence of nearly equal
amounts of dimers having positive and negative dihedral angles
between their long axes. However, as noted by Cantor and
Schimmel, the intensity of the CD spectrum of a dimer may
vanish for many conformations of the dimer, including those
with coplanar chromophores.*'

6.0x10™
3.0x10*
§ 00
-3.0x10™
2AA
— 2TT
-6.0x10™ T : T :
200 300 400 500 600 700

Wavelength (nm)

Fig. 5. Circular dichroism spectra of hairpins 2AT, 2TA, 2AA and 2TT in buffer.
Concentrations were adjusted so as to have an absorbance ca. 0.1 at the A%*
band of PDI.

The intensity of both positive and negative CD bands for the
hairpin 2AT decrease upon heating and the sign of the Cotton
effect undergoes inversion from positive to negative above 90
°C (Fig. S4, ESI). The first derivative of a plot of CD intensity
vs. temperature has a broad maximum at ca. 75 °C,
approximately 5 °C higher than the 7, value for 2AT
determined from UV-Vis data (Fig. S1, ESI). The similar shape
of the CD spectrum of 2AT at low and high temperatures
provides further evidence for the absence of complete thermal
dissociation of the PDI dimer even at high temperatures. As
previously reported, CD melting temperatures obtained from

J. Name., 2013, 00, 1-3 | 4

Page 4 of 9



Page 5 0of 9

the temperature-dependence of the CD spectra of G:C and
(H8), are similar to those obtained from UV-Vis melting
profiles.'?
Fluorescence Spectra and Decay Times

The fluorescence quantum yields for hairpins 1A, 2AT,
2TA, 2AA, and 2TT in aqueous buffer are very low (< 5 x 107,
Table 1),
fluorescence by adenine?! and, to a lesser extent, the forbidden
nature of PDI excimer fluorescence.'" ** The spectra of 2AA
and 2TT are dominated by excimer fluorescence whereas the
spectra of 2AT and 2TA have comparable amounts of
monomer and excimer emission (Fig. 6a). The fluorescence

consistent with quenching of PDI monomer

excitation spectra of the structured monomer emission of 2AT
and 2TA resemble that of the PDI monomer; whereas the
excitation spectra of 2AA and 2TT resemble that of the PDI
dimer (Fig. S5, ESI). Thus the monomer emission from 2AT
and 2TA can be attributed, at least in part, to hairpin
conformations in which there is poor z-overlap between the Pg
chromophores in opposite strands. Conversely, the absence of
monomer emission from 2AA and 2TT suggests that the
populations of poorly-stacked intra-strand conformations are
very small for these hairpins.

D10l —— 2AT
—— 2TA
0.8 2AA
= — 21T
8
.06
Z
g
£ 04
0.24
0.04— : : : ,
b
) 804 — 2AT
—— 2TA
2AA
= 60- — oTT
8
2
2 404
[J]
=
201
5x
0 =

T T T T
600 650 700 750

Wavelength (nm)
Fig. 6. Fluorescence spectra of hairpins 2AT, 2TA, 2AA and 2TT in a) buffer and b)
DMSO. Concentrations of oligonucleotides were adjusted to provide an
absorbance ca. 0.1 at the A®* band of PDI. Excitation wavelength, 505 nm.

T
550 800

The fluorescence of the hairpin dimer (HS8), (Chart la)
P, has a low
excimer/monomer ratio in buffer with 100 mM NaCl; monomer

which possesses the PDI chromophore

emission being attributed to the presence of hairpin monomer
H8 in equilibrium with the dimer under these conditions.
Increasing salt concentration or decreasing temperature results
in a decrease in monomer concentration and an increase in the

This journal is © The Royal Society of Chemistry 2012
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ratio of excimer/monomer fluorescence intensity.'> The
spectrum of the duplex A:T resembles that of 2AA and is
dominated by excimer emission, consistent with the minimized
geometry of duplex G:C in which a z-stacked structure is
enforced by the duplex geometry (Fig. 1).

Table 2. Decay times for fluorescence and transient absorption.

Transient Agrs!
Conjug Fluorescence decay absorption A7
ate decay® rise’
T, 1S © T, s ¢ Ty, NS T, PS
PL(OH) 3.9 41
0.28 (37%) 71 =0.14 (14%)
HS8 3£0. 22
HE: (64%) 7= 1.5 (86%) 1.3£0.1
. . 71 =0.16 (17%) . 6.5
A:T o= 18 (83%) 14401 .
0.098 (18%)
2.7
Ps(OH) 2.3 (82%)
1A 0.032 0.036
71 =0.49 (57%) 71 =0.35 (24%)
3+0. 9.4
2AT 7 =2.1(43%) 7, =2.5 (76%) 23£01
7, = 0.027 (90%) ~
ITA =074 (7%) n=0310 06%)
=25 (3%) 0= 2.2 (64%)
7 =0.29 (23%)
2AA g 73 +0. 33
7= 1.2 (77%) 0.73£0.03
U 7= 0.81 (56%)

= 1.83 (43%)

* Concentrations of conjugates adjusted to provide an absorbance of ca. 0.1 at
the PDI long-wavelength absorption maximum. All data obtained at room
temperature. ° Values in parentheses are amplitudes of decay components. ©
Monomer decay determined at 560 nm. ¢ Excimer decay determined at 660
nm. ¢ Decay of transient absorption determined at ca. 700 nm. Similar single
wavelength decays determined at other wavelengths.  Rise time for the ratio
of 625nm/707nm transient absorbance intensity. & Very weak monomer
fluorescence.

The fluorescence decay times of hairpins 2AT, 2TA, 2AA,
and 2TT (Fig. S6, ESI) and duplex A:T determined at the
wavelengths corresponding to the maximum intensity of
monomer and excimer fluorescence are reported in Table 2,
along with the decay times for the diol derivatives (P, (OH) and
Ps(OH)), hairpin dimer (H8), and hairpin 1A.'* ! The decay
times for P (OH) and Pg(OH) are somewhat shorter than that
for an N,N'-dialkyl-PDI derivative studied by Giaimo et al. (t =
4.5 ns);"' whereas the decay time for 1A is significantly
shorter.?! The short decay time of 1A, like its low fluorescence
quantum yield, is attributed to electron transfer quenching by
neighbouring adenine bases. The lower energy excimers are
less sensitive to electron transfer quenching by adenine. 19

The monomer decays for the PDI dimer hairpins are best fit
as multiple exponentials, with the longest decay time similar to
that of Pg(OH). The shortest monomer decay time for 2TA is
similar to that for 1A and can be tentatively assigned to poorly-
stacked conformations of the PDI chromophores within the
base-paired hairpin. The 660 nm excimer fluorescence decays
are best fit as dual exponentials.
fluorescence decay times for all of the PDI dimers are similar

The average excimer

J. Name., 2012, 00, 1-3 | 5
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(0.94-1.6 ns). The excimer decay times for 2AT and 2TA are
similar to those for the 560 nm monomer fluorescence decays
suggesting that at least part of the monomer fluorescence may
arise from dissociation of the excimer. Excimer dissociation to
form the fluorescent monomer was observed by Li er al. for
single strand PDI-DNA foldamers.'® In view of the low values
of &y for all of our PDI-DNA conjugates (Table 1), singlet
decay must occur predominantly via non-radiative pathways.
The time-resolved emission spectra for 2AT and 2TA (Fig. S7,
ESI) have a higher ratio of excimer/monomer fluorescence at
long vs. short delay times (2.0 or 1.4 ns vs. 0.25 or 0.20 ns,
respectively), in accord with the longer delay time for excimer
vs. monomer fluorescence decay (Table 2). Monomer emission
from 2AA and 2TT is very weak at both short and long delay
times.

The fluorescence spectra of the anti hairpins 2AT and 2TA
in DMSO are dominated by monomer emission (Fig. 6b);
however, the fluorescence spectra of the syn hairpins 2AA and
2TT are similar in DMSO and buffer, being dominated by
excimer emission in both solvents. The effect of the polar
aprotic solvent DMSO on the fluorescence spectra of these
hairpins is consistent with its effect upon their absorption
spectra (Fig. 4b). Evidently, base pair denaturation by DMSO
separates the interstrand PDI dimers but leaves the intrastrand
dimers largely intact. Thermal denaturation has an effect
similar to that of DMSO upon the fluorescence spectra of the
hairpin PDI dimers (Fig. 7 and S8, ESI). Upon heating from 5
to 95 °C, the ratio of monomer/excimer fluorescence intensity
for 2AT and 2TA continuously increases.

Transient Absorption Spectra

The transient absorption spectra of the hairpin 1A have
previously been reported and are reproduced in Fig. S9, ESI. It
displays negative bands with maxima at 507, 550, and 605 nm
and a single positive band with a maximum at 705 nm. The 507
and 605 nm bands are assigned to ground state depopulation
and stimulated emission, respectively, of the Pg chromophore,
while the negative band at 550 nm is assigned to the
overlapping 0,0 bands state absorption and
stimulated emission. The 705 nm band is assigned to the

of ground

overlapping absorption bands of '"Pg and Pg ™, which is formed
upon photooxidation of adenine by "Pg. The decay time of the
705 nm band of 1A is essentially the same as that of its
fluorescence decay (Table 2), indicating that 'Pg is formed
upon charge recombination of the Pg -A" charge-separated
state.”!

The transient spectra of hairpin dimer (HS8),, duplex A:T,
and hairpins 2AT and 2AA (Fig. 8) all display negative bands
with minima near 505 and 550 nm and broad positive bands at
longer wavelength. The decay times of all of these bands can be
fit as
independent of wavelength (Table 2). The negative bands have

single exponentials having decay times that are
band intensity ratios similar to that of the UV-Vis absorption
spectra and are assigned to the ground state bleach of the PDI
dimer absorption. The absence of a 605 nm negative band could
reflect either the absence of stimulated emission or overlap

6 | J. Name., 2012, 00, 1-3

between weak stimulated emission and a strong absorption
band in the same wavelength region. At short delay times the
positive bands have maxima between 605-625 nm and a second
between 705-725 nm. The most
pronounced band splitting is observed for duplex A:T (Fig. 8d).

maxima or shoulder
We previously reported that the transient absorption spectrum
of dimer (HS8), undergoes a time-dependent change in band
shape to a single maximum at 650 nm (Fig. 8a),'? similar to that
for the co-facial PDI dimer studied by Giaimo et al.'' This
change was attributed to geometric relaxation of the excimer-
like "*PDI, Frank-Condon state which has an angle of ca. 20°
between PDI electronic transition dipoles to a relaxed state
having an angle of ca. 0° (Fig. 9).

o 12
95°C 2
/

A

A-hA-AA
A
A

a)

—
FSSO/FBGB
= ©

s

0 25 50 75 100
Temperature ('C)

5°C

o

Intensity (au)
w
2

20+

[y
(6]
1

Intensity (au)
.
2

550 600 650 700 750 800
Wavelength (nm)

Fig. 7. Fluorescence spectra of (a) 2AT and (b) 2AA as a function of temperature
in buffer. Red traces indicate the fluorescence spectra at 25 °C. Inset of (a) shows
the ratio of the fluorescence intensity at 550 to 668 nm (F../F.,) vs. temperature.
Excitation wavelength, 505 nm.

A similar, but less pronounced time-dependent change in
band shape is observed for the positive band of hairpin 2AA
(Fig. 8c). Minor changes in band shape are observed for hairpin
2AT and duplex A:T at short delay times (Fig. 8b,d), but no
changes are observed at longer times. Global analysis of the
transient absorption of (H8), shows that band narrowing occurs
with a time constant of 14 ps.'* Band-narrowing times obtained
from plots of the time-dependence of the ratio of 625/708 nm
band intensities are reported in Table 2. The value for (HS), (22
ps) is slightly longer than that obtained from global analysis.
The value for 2AA is still-longer (33 ps); whereas values for
A:T and 2AT are significantly shorter (< 10 ps).

This journal is © The Royal Society of Chemistry 2012
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Fig. 8. Transient absorption spectra of hairpins (a) (H8),, (b) 2AT, (c) 2AA, and (d) A:T in buffer following excitation with 505 nm, 120 fs laser pulses. Insets show
transient absorption kinetics at specified wavelengths. Nonlinear least-squares fits to the data are also shown.
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Fig. 9. Energy level diagram for PDI dimer excited states. Vertical blue arrows
indicate ground and excited state absorption, red arrows geometric relaxation,
and green arrows excimer fluorescence.

The short band-narrowing times and minor changes in band
shape for the latter systems are suggestive of very minor
changes in PDI dimer geometry following electronic excitation.
Band-narrowing for 2AA, like that for (H8),, can be attributed
to geometric relaxation in the excited state (Fig. 9). The MD
simulation for 2AA shows a shallow potential with a minimum
near 20° for the Pg dimer in 2AA. A slightly higher barrier for
excited state geometric relaxation toward 0° could account for
the slower relaxation time for 2AA vs. (H8),. The minimized
ground state torsion angles for G:C and 2AT are much larger,
38° and 50° respectively, than that for 2AA and presumably
both systems have larger barriers for excited state relaxation
toward 0°. The relatively fast low amplitude rise of the
Agrs/A797 band intensity ratio for these systems may reflect
vibrational cooling of the excited dimer.

This journal is © The Royal Society of Chemistry 2013

The similar fluorescence and transient absorption decay
times for A:T and 2AA suggests that the two absorption bands
arise from two transitions from a single excited state, rather
than transitions from two different excited states. Whereas
(H8), and 2AA and other PDI dimers have non-eclipsed ground
state geometries, low barriers to excited state torsion permit
them to undergo geometric relaxation in competition with
excimer decay, in which case a single transient absorption band
is observed at longer delay times. Thus, the appearance of the
transient absorption spectrum of the PDI-DNA conjugate
dimers is dependent upon the presence or absence of a barrier
between the Frank-Condon excited state and the relaxed
eclipsed excimer geometry, as shown schematically in Fig. 9.

Concluding Remarks

The effects of formation of co-facial PDI dimers upon the
ground and excited state electronic spectra of six DNA-PDI
conjugates have been investigated and correlated with the
structures of the ground state dimers which were determined by
molecular dynamics simulations. The UV-Vis spectra of all the
conjugates display broadening of the PDI absorption band and
inversion of the relative intensities of the 4°° and 4°' bands
when compared to those of the PDI monomers. These changes
are attributed to exciton coupling between the adjacent PDI
chromophores. Small 4%%/4%! band intensity ratios and strong
CD exciton coupling are observed for the duplex A:T and
hairpin 2AT which possess relatively large PDI-PDI dihedral
angles. The CD spectra of these conjugates have opposite signs,
indicative of a difference in the chirality of their chromophore
environments. The hairpin dimer (H8), displays the smallest A%

J. Name., 2013, 00, 1-3 | 7
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94%" band intensity ratio but does not display exciton-coupled
CD. This seemingly anomalous behaviour may reflect the
presence of comparable amounts of syn and anti hairpin
dimers."

All  of the display
accompanied by variable amounts of monomer fluorescence (0-
65%, Table 1). The intrastrand dimers 2AA and 2TT and the
duplex A:T show little or no monomer emission whereas the
interstrand dimers 2AT and 2TA and the hairpin dimer (HS8),
show large amounts of monomer emission. Excitation spectra

dimers excimer fluorescence

indicate that monomer fluorescence can be attributed to ground
state conformations with monomer-like absorption spectra. All
of the dimers have similar excimer fluorescence maxima and
dual exponential fluorescence decays with similar short- and
long-lived components (Tables 1 and 2). Thus the properties of
the fluorescent excimers appear to be independent of ground
state geometry.

The transient absorption spectra of all four dimers that we
have investigated initially display two transient absorption
bands (Fig. 8). Dimers A:T and 2AT which have relatively
rigid structures, as judged by their strong CD spectra as well as
molecular dynamics simulations, undergo little change in band
shape during the transient decay process. However, dimers
(H8), and 2AA which have flexible structures undergo band
narrowing with time constants of 22 ps and 33 ps (Table 2),
respectively, attributed to the changes in the torsion angles
between PDI chromophores (Fig. 9). Thus transient absorption
band splitting may prove diagnostic of rigid structures with
relatively large dihedral angles between PDI transition dipoles.
this
spectroscopic properties of the ground and excited states of co-
facial PDI dimers embedded in DNA constructs display
pronounced dependence upon the geometry imposed by the

In summary, investigation has revealed that the

construct in aqueous buffer and in the denaturing solvent
DMSO.

Experimental Section

Materials. PDI derivatives Py, and Pg were synthesized as per
the reported procedures.’” ?* PDI-oligonucleotide conjugates
were prepared by means of conventional phosphoramidite
chemistry using an Expedite DNA synthesizer following the
procedure of Letsinger and Wu.?’ All of the 2’-deoxynucleotide
phosphoramidites, DNA synthesizing reagents, and controlled
pore glass solid supports (CPG) were purchased from Glen
Research (Sterling, VA). Following synthesis, the conjugates
were first isolated as trityl-on derivatives by reverse-phase (RP)
HPLC, then detritylated in 80% acetic acid for 30 min, and re-
purified by RP-HPLC as needed. RP-HPLC analysis was
carried out on a Dionex chromatograph. Molecular weights of
representative conjugates were determined by means of
MALDI-TOF mass spectroscopy with a Bruker Autoflex
spectrometer.

Computational Methods: Computational details for G:C and
(H8), have been reported.'? For modelling 2AT, 2TA and 2TT,
two PDI containing species were simulated using the Amber99

8 | J. Name., 2012, 00, 1-3

force field.*® Starting structures for the DNA segment were
taken to be B-DNA and the PDI residues were added manually.
The systems were then minimized and simulated in a TIP3P
solvent box with an 8.0 A buffer. All simulations were carried
out using the Amberl0 program with particle mesh Ewald
treatment of the long range electrostatics.>* Following
minimization, a 2 ns equilibration run was performed followed
by a 6 ns production run. All MD simulations were performed
at 300 K and 1 bar of pressure using the NPT ensemble.
Electronic Spectroscopy. Unless otherwise noted, all the
spectroscopic measurements were done in 10 mM phosphate
buffer (pH 7.2) containing 0.1 M NaCl using freshly prepared
sample solution. As the molar absorption coefficients of
aggregated PDI’s are unknown, the accurate determination of
the concentration of oligonucleotides containing multiple PDI’s
was not possible. Therefore, for spectral measurements the
absorbance of all the samples was normalized at the 4°' band
of PDI chromophore irrespective of the total oligonucleotide
concentration. UV-Vis spectra and thermal dissociation profiles
were measured on a Perkin-Elmer Lambda 2 spectrophotometer
equipped with a Peltier sample holder and a temperature
programmer for automatically increasing the temperature at the
rate of 0.5 °C/min. Circular dichroism spectra were obtained
using a JASCO J-815 spectropolarimeter equipped with a
Peltier sample holder and temperature controller. Temperature
was increased at a rate of 0.5 °C/min. Fluorescence spectra
were obtained using a Spex Fluoromax spectrofluorimeter.
Fluorescence quantum yields were determined using 470 nm
excitation by comparing the integrated fluorescence area with
that for fluorescein in 0.1 M NaOH.

Fluorescence Lifetimes. Fluorescence lifetime measurements
were performed using a frequency-doubled, cavity-dumped
Ti:sapphire laser as the excitation source and a Hamamatsu
C4780 ps fluorescence lifetime measurement system, as
described previously.*® The energy of the 400 nm, 25 fs pulses
was attenuated to ~1.0 nJ/pulse in all of the fluorescence
lifetime experiments. The total IRF of the streak camera system
was 20 ps. Data were collected for each sample at the same
for the steady-state data. All of the
fluorescence data were acquired in single-photon counting

concentrations as

mode using the Hamamatsu HPD-TA software. The data was fit
using the Hamamatsu fitting module and deconvoluted using
the laser-pulse profile.

Transient Absorption Spectroscopy. Femtosecond
measurements were made using a Ti:sapphire laser system as
previously described.*® The instrument response function (IRF)
for the pump-probe experiments was 180 fs. Typically, 5 s of
averaging was used to obtain the transient spectrum at a given
delay time. Solutions of conjugates in TE buffer and 0.1 M
NaCl were prepared in cuvettes having a 2 mm path length and
irradiated with 505 nm, 130 fs, 0.1-1.0 pJ pulses focused to a
spot with a diameter of 200 pum. The optical density at 1., was
between 0.2-0.4. Laser scatter at 505 nm was subtracted from
the transient spectra. Analysis of the kinetic data was performed
at multiple wavelengths

using a Levenberg-Marquardt

nonlinear least-squares fit to a general sum-of-exponentials

This journal is © The Royal Society of Chemistry 2012
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function with an added Gaussian to account for the finite
instrument response.
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