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Abstract: While many key photophysical features are understood for
electronic communication between chromophores in neutral
compounds, there is limited information on the effect of charges in
practically relevant ionic chromo/fluorophores. Here we have chosen
positively charged rhodamines and prepared a selection of homo- and
heterodimers with  alkyl or =-conjugated, acetylenic bridges.
Protonated molecules were transferred as isolated ions to gas phase
where there is no solvent screening of charges, and fluorescence
spectra were measured with a custom-made ion-trap setup. Our work
reveals strong polarization of  the n-spacer (induced
dipole/quadrupole) when it experiences the electric field from one /
two dyes. Hence, n-spacers provide efficient shielding of charges by
reducing the Coulomb interaction, whereas two dye cations polarize
each other when connected by an alkyl. The screening influences the
Forster Resonance Energy Transfer efficiency that relies on the
dipole-dipole interaction.

Introduction

The photophysics of many biological systems is governed by
electronic interactions between two or more chomophores (light
absorbers). One important example is photosynthesis where
multiple chlorophyll molecules within photosynthetic proteins are
responsible for light harvesting and efficient energy transfer to the
reaction center where charge separation occurs.['l Another is the
nontrivial quantum physics of stacked bases in DNA and Watson-
Crick base pairs, which determines the excited-state dynamics
and fate after UV excitation.?!

When two chromophores are in close proximity, exciton
coupling of the two individual excited-state wavefunctions occurs,
which implies that the new stationary states are not associated
with only one of the chromophores but with both; in other words,
the excitation energy is spatially delocalized over both
chromophores.Pl At large separations the coupling is weak, and
we can to a good approximation consider the excitation being
associated with only one chromophore. Férster Resonance
Energy Transfer (FRET) is then responsible for a downhill
movement of the excitation energy between chromophores

situated in a network.[ The efficiency of energy transfer strongly
depends on the separation between two chromophores and is
inversely proportional to the power of six. At the so-called Forster
distance Ry, the efficiency is 50%. Two important factors that
determine Ry are the reorientation factor and the spectral overlap
of the donor-emission spectrum and the acceptor-absorption
spectrum. The former depends on the orientation of the two
transition-dipole moments relative to each other and to the
interfluorophore distance vector.

In most textbooks the interaction between two
chromophores (or fluorophores) is typically described with the
assumption that both chromophores are neutral, and that they do
not perturb each other in the ground state (see e.g., [3]). Indeed,
the two examples mentioned above involve neutral chlorophylls
and DNA bases where such assumptions are reasonable.
However, many dyes used as labels in FRET experiments on
biomacromolecules are ionic, e.g., positively charged rhodamine
and cyanine dyes and negatively charged fluorescein ones.”! One
ionic dye provides an electric field at the other dye when the two
are in close proximity, which causes an induced dipole moment
and vice versa. Hence two, say, cationic dyes actually
communicate in the ground state even though there is no overlap
of their electronic wavefunctions. Photoexcitation of one dye
increases its polarizability and as a result leads to an increase in
the average distance between the positive charge distributions of
the two dyes. The resultant Stark shift of energy levels is
evidenced from redshifted emission spectra as reported in
previous gas-phase work on homodimers of rhodamine 575
cations (R575*)! and heterodimers of R575* and rhodamine 640
cations (R640*)€: the two dyes were bridged by either methylene
linkers or peptides.

Itis clear that the internal Coulomb repulsion is largest when
the dyad systems are isolated in vacuo where there is no solvent
screening of the two charges. Gas-phase experiments on simple
model systems therefore provide the most direct information on
such charge-charge interactions. Unfortunately, however, such
experiments suffer from a thin cloud (low density) of ionic
fluorophores, and specialized apparatus is needed to obtain
reasonable signal-to-noise ratios.”!
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In Aarhus we use the home-built LUNA (LUminescence
iNstrument in Aarhus) setup where ions produced by electrospray
ionization are stored in the center of a cylindrical Paul trap.® Mass
selection is followed by photoexcitation and collection of emitted
photons. One of the end electrodes is a mesh grid to allow as
many photons as possible to exit the trap and be detected. The
photon collection efficiency of our setup is about 5%. While one
obvious requirement for gas-phase ion fluorescence
spectroscopy is that the ions are fluorescent, the technique
benefits from no limitation on the size of the molecular ion. This is
in contrast to photodissociation-action spectroscopy where
dissociation on the instrumental time scale is necessary, .i.e.,
microseconds to tens of milliseconds dependent on the setup
used, and dissociation yields can significantly depend on
excitation wavelengths.

In this work we have synthesized a multitude of homo- and
heterodimers of rhodamine 575 (R575) and rhodamine B (RB)
connected by alkyl or t-conjugated, linear bridges that represent
new unexplored dyad systems. Our synthesis work is based on
development of suitable acetylenic building blocks that were
subjected to metal-catalyzed coupling reactions under various
conditions. The compounds isolated are on the closed lactam
forms (R575 / RB) but upon protonation, they undergo ring-
opening to form the cationic and fluorescent amide forms (R575*
/ RB*) as shown in Scheme 1. In heterodimers, R575* is the donor
and RB* the acceptor. The n-spacer is linked to the lactam/amide
nitrogen atom of the dye via a methylene group and is therefore
not in conjugation with the chromophore unit.

A summary of ions that were subjected to gas-phase
fluorescence experiments is given in Figure 1; these include also
relevant monomer derivatives for comparison. Our results reveal
differences in the communication between two ionic dyes with the
nature of the linker, and that a n-linker may to some extent act as
an electrostatic shield between the two dyes.

It should be noted that photoexcited electron transfer from
one dye to another, often mediated by a n-conjugated bridge,'%
is not energetically feasible for our gas-phase dyads as the
detachment energy of a cationic donor is too high compared with
the recombination energy of the cationic acceptor (energy defect
of about 6 eV®). The only possible processes after
photoexcitation are therefore light emission from either R575* or
RB*, potentially after FRET in the latter case.

RB (lactam)

RB* (amide)

Scheme 1. Equilibria between closed and open, protonated rhodamine forms.
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Figure 1. Summary of rhodamine monomers (m / M), homodimers (d / D), and
heterodimers (FRET systems, F) subject to studies in this work. For the
definition of amide linkages, see Scheme 1.

Results and Discussion

First we present results from the synthesis part, followed by those
from gas-phase ion fluorescence spectroscopy. Finally, we
provide an overall discussion based on computed geometric
structures of simple model dimers.

Synthesis
Rhodamine B dimers d2-5 were made starting from the monomer
1 according to Scheme 2. The known starting material 1 was
made in analogy with a general literature procedure®, by
converting R575 perchlorate to its acid chloride (using thionyl
chloride) that was then treated with propargylamine (see
Supporting Information; SI; yields of 65-73%). It has previously
been made from the acid chloride generated using POCI;,['"! or
by using O-benzotriazole-N,N,N',N'-tetramethyl-uronium
hexafluorophosphate (HBTU) and triethylamine to attach
propagylamine.l'? The other starting material 2 was prepared by
treating the acid chloride generated from RB chloride with p-
iodoaniline (yield of 52%); compound 2 has previously been made
with the use of toluenesulfonylchloride and DMAP.[' An oxidative
coupling of m4 and trimethylsilylacetylene under Hay conditions
(CuCl, TMEDA, and air) gave m2 in a yield of 26%, while by using
Pd(PPh3),Cl, and Cul an improved yield of 47% was obtained.
Monomers m2 and m4 were now explored as precursors for
the homodimers d2 and d3. An oxidative dimerization of m4,
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using conditions of Haley and co-workers!' gave the dimer d2 in
good vyield. We note that using these conditions for a
heterocoupling between m4 and trimethylsilylacetylene only gave
m2 in a yield of 4%. Desilylation of m2 using K,CO3 in MeOH
followed by an oxidative homocoupling gave d3 in a yield of 11%.
The dimers d4 and d5 (as well as monomer m3[''l and m6) were
synthesized by Sonogashira coupling reactions. It was found that
this reaction works well when performed in a 1:1 mixture of THF
and EtsN, with the catalyst system of Pd(PPhs),Cl, and Cul.
Another specification was that the reaction was done under
sonication at 30 °C, which allowed for fairly short reaction times
(and previously shown advantageously for Sonogashira
couplings!'). Using these conditions and the coupling partners
1,4-diiodobenzene and m5, the dimers d4 and d5 were obtained
in yields of 63% and 13%, respectively.

=—TMS ,a)

————=——"TMS
RB " m2 (47%)
n=2 l b),a)
c)
\ ( — — —
~ N o N~ n=1 RB n RB
O O d2 (n = 1:59%)
N — d3 (n=2; 11%)
LN [
o N\ .d) —
1 - —
RB / RB
| d4 (63%)
RB” :
2 y

d5 (13%)

Scheme 2. Synthesis of RB homodimers (lactam forms): a) Pd(PPhs).Clz, Cul,
EtsN/PhMe, air, rt. b) K2CO3, MeOH/THF; c) Pd-dbas, dppe, Cul, I, DIPA/THF,
air, rt. d) Pd(PPhs)Clz, Cul, EtsN/THF, 30 °C, ))).

R575 R575
D2 (quantitative)

F4 (35%)

R575 RB

d) RB
_ 7 R5757

Scheme 3. Synthesis of R575 homodimers (lactam forms) and R575/RB
heterodimers (lactam forms). a) i. SOClz, CHzCly, A, 2h, ii. EtsN, MeCN, 0 °C. b)
Pdzdbas, dppe, Cul, Iz, DIPA/THF, air, rt. c) Pd(PPhs)Clz, Cul, EtsN/THF,

30 °C,))). d)i. R575 perchlorate, SOCly, A; ii. EtsN, MeCN, 0 °C. e) i. RB chloride,

SOCIz, 4, ii. EtsN, MeCN, 0 °C.
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Monomer 3 was readily achieved from R575 perchlorate
according to Scheme 3 in quantitative yield, without need for
purification. For synthesis of 3, a much better yield was obtained
via the acid chloride route, while using the formerly reported
method by refluxing R575 perchlorate and propargylamine in
ethanol gave a yield of 40-68%;['®! the advantage of proceeding
via the acid chloride is that this method also works for compounds
not soluble in ethanol. The dimer D2 was prepared in quantitative
yield by an oxidative coupling of 3 using Pd.dbas, dppe, Cul, and
I2. Monomer M2 could under these conditions be obtained in a
yield of 37% (from 3 and trimethylsilylacetylene), but changing to
the Pd(PPh3).Cl; and Cul catalyst system gave a higher yield of
95%.

The heterodimer F4 was achieved in a Sonogashira
coupling between 3 and 4, with the conditions described earlier,
affording the product in 35% yield. It was possible to form F2 by
coupling terminal alkynes 1 and 3, but homodimers d2 and D2
were also formed, and these could in our hands not be separated
from F2. To circumvent this problem, monomer 5 was first
prepared by coupling N-Boc-propargylamine with 3. After Boc-
deprotection, the amine 5 was reacted with the acid chloride of
R575, furnishing the product F2 in a yield of 34%. The dimers d1
and F1 can easily be made from m1 by treating it with the acid
chloride of the rhodamine monomers and Et3N in acetonitrile.

Gas-Phase Fluorescence Studies
To measure dispersed fluorescence spectra of isolated and
mass-selected gaseous ions we use the LUNA setup that in a
unique way combines an electrospray ion source with a cylindrical
Paul trap (fluorescence cell for mass-selected ions) and a light
detection part (detailed in [8]). Briefly, ions made by electrospray
ionization of samples dissolved in methanol and acetic acid (10:1)
were accumulated in an octopole pretrap that was emptied at a
repetition frequency of 20 Hz. lon bunches were transferred to the
Paul trap that was filled with helium buffer gas. Following mass
selection, ions were irradiated by a nanosecond laser pulse
delivered by a 20-Hz pulsed EKSPLA laser (Nd:YAG laser in
combination with an optical parametric oscillator (OPO)). The
emitted photons were collected and detected with a spectrometer
equipped with a CCD camera (Andor Technology). This sequence
was repeated 100 times with no emptying of ion trap in between
each injection of ion bunches. A background spectrum with no
ions in the trap was then recorded to correct for background
photons. A notch filter was placed before the entrance to the
spectrometer to reduce the number of scattered photons from the
excitation pulse. The spectrometer slit width was 1250 um.

Band maxima for all ions are summarized in Table 1, and all
spectra are included in the Sl. In the following we discuss the
spectra in detail.
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Table 1. Summary of emission band maxima from gas-phase studies. All values
are in nm (eV).

R575* M1* M2* D27 D62*[a]
508+2 508+4 5153 5194 52815
(2.44£0.01)  (2.44:0.02)  (2.41:0.01)  (2.39:0.02)  (2.35:0.02)
RB* m1* m2* m5*

543+3 540+3 5513 549+3

(2.28+0.01)  (2.30£0.01)  (2.25:0.01)  (2.26+0.01)

d12+ d22+ d32+ d42+ d52+
557+4 549+4 548+3 548+3 55245
(2.23:0.02)  (2.26:0.02)  (2.26:0.01)  (2.26:0.01)  (2.25:0.02)
F12+ F22* F42*

556+4 55115 5163

(2.23£0.02)  (2.25:0.02)  (2.40£0.01)

[a] Taken from ref. [5].

R575 monomers and dimers: Fluorescence spectra of
M1* and M2* are shown together with that of R575" in Figure 2a.
As reported earlier, replacement of the carboxylic acid group in
R575* with an amide functionality that terminates in a primary
amine (M1*) has no effect.®! However, a clear redshift occurs
when the amide substituent contains a diyne unit (M2*). The diyne
is not in conjugation with the amide, and we therefore ascribe the
redshift to polarization of the n-electronic cloud in the electric field
from the xanthene cation to give a favorable charge induced-
dipole interaction (Figure 3). This interaction increases in strength
after photoexcitation of the xanthene on account of the in general
higher polarizability of an excited state than of a ground state ['7);
the positive charge distribution in the xanthene moves closer
towards the diyne that as a result gets even more polarized.

Now, a homodimer with the diyne bridge (D22*) displays a
spectrum that is similar to that of M2* except that it is broadened
towards the red (Figure 2b,c). The broadening is likely the result
of multiple structures present in the ion cloud, and that each
structure is somewhat flexible. It is noteworthy that the band
maximum for a homodimer where the bridge contains six
methylene units (D62*, spectrum included in Figure 2b), i.e., same
number of carbon atoms in bridge as in D2%, is significantly
redshifted. The red end of the two D2%* and D6%* spectra is,
however, similar. The redshifted emission from D62* relative to
R575* was earlier ascribed to a Stark effect as the internal
Coulomb repulsion between the two cationic dyes is reduced after
photoexcitation’®; again ascribed to the higher polarizability in an
excited state. Interestingly, the n-spacer seems to counteract this
effect. Indeed, in a simple picture each dye will polarize the n-
spacer such that there is an excess of negative charge close to
each dye and a positive charge in the center of the spacer (Figure
3). The result is a n-spacer with a quadrupole moment, which
provides an electric field at each dye that opposes that from the
positive charge. The n-spacer shields one dye from the other,
thereby lowering the effect of internal Coulomb repulsion.

10.1002/anie.202008314
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Figure 2. Gas-phase fluorescence spectra of (a) R575 monomers and (b) R575
dimers. In (c) spectra of a R575 monomer and the corresponding dimer are
presented for comparison. The dashed lines indicate band maxima of R575*
(furthest to the blue) and of M2* (furthest to the red). All spectra were recorded
with an excitation wavelength of 487 nm.

0— 08—
b= Gt

Figure 3. Top: Symmetric dye (in red) with one positive charge and a linker (in
grey) that is composed of methylene units. The charge is evenly distributed over
the dye but is on the figure shown as a point charge in the center. The charge
distribution becomes asymmetric when two cationic dyes are tethered together
due to the internal Coulomb repulsion and the high polarizability of the dyes.
Bottom: A =-linker (in black) is polarized in the field from one cationic dye; the
electric field due to the induced dipole moment of the n-linker acts back and
changes the charge distribution in the dye, i.e., the positive charge moves on
average towards the n-linker. When a second dye is attached, a quadrupole
moment is induced in the n-spacer, which effectively shields the two positive
charges.

RB monomers and dimers: Figure 4 shows spectra of
monomers and dimers. A r-electron cloud in the form of a diyne
(m2*) or phenylethynyl (m5*) causes a significantly redshifted
spectrum compared to that of the parent monomer species (RB*).
As before, we ascribe this to a polarization effect. The spectrum
of m1* is slightly to the blue of RB*, which may be due to some
interaction between the xanthene and the primary amine.

Spectra of homodimers with n-spacers are surprisingly
similar to that of monomers that contain a t-appendage. There is
little dependence on the n-spacer; the spectra of d2%* (diyne),
d3?* (tetrayne), and d4?* (diethynylbenzene unit) are almost
identical while that of d5%* (phenylethynyl) is slightly broadened to
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the red. In contrast, the spectrum of d12* where two methylene
units bridge the two fluorophores is significantly redshifted as
earlier reported also for homodimers of R575* .5 Taken together,
these results indicate that a n-spacer shields the two positive
charges in homodimers, and therefore that the spacer length is of
less importance than is the case for methylene units (Figure 3).

Normalized fluorescence signal

500 550 600 650
Wavelength (nm)

Figure 4. Gas-phase fluorescence spectra of (@) RB monomers and (b) RB
dimers. Spectra of a RB monomer and the corresponding dimer are shown in
(c) for comparison. The dashed lines indicate absorption band maxima of RB*
(furthest to the blue) and of m2* (furthest to the red). All spectra were recorded
with an excitation wavelength of 513 nm.

Heterodimers: Our work includes three heterodimers with
the R575*/RB* FRET pair. In the first (F1?*) the two dyes are
bridged by two methylene groups. Two spectra obtained after
photoexcitation at either 487 nm or 513 nm are shown in Figure
5. Except for a small shoulder to the blue (515 — 525 nm) for 487-
nm excitation, the spectra are quite similar. It should be noted,
however, that the notch filter for 513-nm excitation prevents the
transmission of photons to the spectrometer in a small region
around 513 nm (514 + 9 nm). In any case, fluorescence occurs
dominantly from the RB* dye, either due to direct excitation of the
dye in the heterodimer or after FRET. The emission spectrum is
significantly redshifted compared to that of RB* monomers and is
almost identical to that of d1?* (RB* homodimer with two
methylene units). As discussed above and in previous work on a
heterodimer of R575* and R640*¥ this is simply due to the
electric field that one cationic dye senses from the other. The fact
that the spectra of F12* and d12* are nearly identical excludes the
possibility of exciton coupling as the energy of an exciton state
formed from a linear combination of two RB* excited states is
clearly different to that from a linear combination of R575* and
RB* excited states. Also, even though the alkyl spacer is small,
the separation between the two xanthenes is too large (11 A or
more, vide infra) for exciton coupling really to be significant. The
small shoulder towards the blue observed in the 487-nm
excitation spectrum of F12* is indicative of some minor emission
from R575*. This may originate from structures where the relative
dipole orientation factor is small, which results in short Forster
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distances and less efficient energy transfer; we will return to
possible geometries later on.

F12+ A =487 nm i
.......... F.Iz* A=513nm

Normalized fluorescence signal

500 550 600 650 700
Wavelength (nm)

Figure 5. Gas-phase fluorescence spectra of (a) F1?* recorded using two
different excitation wavelengths (487 nm and 513 nm). The 487-nm spectrum is
also presented in (b) together with those of R575* and RB* dye monomers (487-
nm and 513-nm excitation, respectively) and a d1** RB dimer (513-nm
excitation).

PR SR RS S T
F22* A =445 nm|-
F2%* A =487 nm
F2%* A =513nm

1.04 a

1.04q ¢ F22*

Normalized fluorescence signal

0.5

500 550 600 650 700
Wavelength (nm)

0.0

Figure 6. Gas-phase fluorescence spectra of (a) F22* recorded using four
different excitation wavelengths (445 nm, 487 nm, 513 nm, and 532 nm). The
hole in the 532-nm spectrum is due to blocking by the notch filter (533 £ 9 nm).
The 487-nm spectrum is also presented in (b) together with those of M2* and
m2* dye monomers (487-nm and 513-nm excitation, respectively) and the d2?*
RB dimer (513 nm). A sum of the m2* spectrum and 0.1 times the M2* spectrum
is shown in (c) together with the F22* spectrum.

In heterodimer F22*, the two dyes are bridged by a spacer
that contains a diyne. Spectra recorded at excitation wavelengths
of 445 nm, 487 nm, 513 nm, and 532 nm are shown in Figure 6a.
At higher wavelengths, the RB* absorption increases relative to
that of R575*. The notch filter prevents emitted photons in a
region around the excitation wavelength to be transmitted to the
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spectrometer, which implies that only the part of the spectrum 9
nm above the excitation wavelength is valid for 513 nm and 532
nm. However, as no dependence on excitation wavelength is
seen, we conclude that any structural change before FRET is
limited. Indeed, if excitation of R575* had led to a geometry
change of the dimer, we would expect a Stokes shift for the
emission from RB* after FRET.

From Figure 6b, it is clearly evident that the emission
spectrum of RB* in F2%* is the same as those of m2* (monomer
RB* with diyne linkage) and d22* (homodimer of RB* with diyne
n-spacer). The spectrum of R575* monomers with diyne linkage
(M2*) is also included in the figure for comparison. Indeed, a linear
combination of the M2* (10%) and m2* (100%) normalized
monomer spectra can reasonably well reproduce the spectrum of
F2%*, To obtain a FRET efficiency we need to consider the
absorption cross sections of the two dyes as well as the internal
conversion rates.

Gas-phase absorption spectra of RB* and R575* parent
species were earlier reported by Jockusch and co-workers.['® The
absorption by RB* at 487 nm is about 30% that at maximum
absorption at 531 nm. In the case of R575% the maximum
absorption is at 495 nm, and at 487 nm the absorption is about
95%. Assuming equal absorption cross sections, the absorption
by R575* is about three times larger than that by RB* at 487 nm.
This assumption is somewhat justified from similar fluorescence
signals from the two monomer dyes when they are photoexcited
close to their maximum absorption. In the heterodimer both dyes
have about 10 nm redshifted emission compared to R575* and
RB* parent monomers. If we assume the absorption spectra are
also redshifted by 10 nm, the absorption by R575* is about five
times larger than by RB* in the heterodimer. The internal
conversion rates of both dyes are likely low as the dyes are both
strongly fluorescent. If we assume them to be equal for R575" and
RB* in the heterodimer, we estimate based on the absorption
cross sections and the F22* spectrum, a FRET efficiency of about
89%.

Finally, spectra of the third heterodimer, F4**
(diethynylbenzene spacer unit), recorded with three different
excitation wavelengths are shown in Figure 7a. Again, the spectra
look similar at the red end, and we conclude that the fluorescence
from RB* is independent of whether the excited state is formed
after direct photon absorption or after FRET, indicative of no or
limited geometry change when R575" is initially photoexcited. The
most striking result for F4?* is that emission occurs dominantly
from R575*. Panel b in the figure reveals that the emission band
maximum is the same as that of M2* (R575* with diyne), again
demonstrating that the charge from another dye has little effect in
the presence of a n-spacer. The panel also includes the m5* (RB*
with phenylethynyl) spectrum. A linear combination of the two
model monomer spectra (0.25 - m5* + M2*) are seen in panel ¢ to
fully reproduce the F42%* spectrum. After correction for the
absorption of 487-nm photons directly by RB* in the heterodimer,
we estimate the FRET efficiency to be only about 4%.

The RET seen for F4%* is surprisingly small considering the
short interfluorophore separation (23 A, vide infra), which
indicates that Through Bond Energy Transfer (TBET) is not active.
TBET normally accounts for faster RET than predicted by FRET
and occurs via a n-linker (see e.g. a discussion of TBET in [10a]).
However, a CH, group at each end of the linker in F4?* breaks the
direct conjugation with the dye; i.e., hyperconjugation is
necessary to mediate n-orbital overlap.

10.1002/anie.202008314

WILEY-VCH

PR [T T S S SN T S S I T T T T [N S S S

107 a N ——F4®* A =487nm |
/ F4%* A =513 nm
054 |/

........... F42* A =532 nm [

- b \ 5* 24 -
f W, F4
\

Ir-_:\\‘\ ms* |

., v
s "'Mw%nkl AR

Fluorescence signal
=
(4]
1

)

......

4
C "y

(118_ R i
' / F4%* \ = 487 nm
F M2++0 2 +
/ .25.m§
O.S-M/
0'0 T | T L T I LI T T | T f “.‘
500 550 600 650 700

Wavelength (nm)

Figure 7. Gas-phase fluorescence spectra of (a) F4?* recorded using three
different excitation wavelengths (487 nm, 513 nm, and 532 nm). Two of the
excitation wavelengths (513 nm, 532 nm) are within the fluorescence band. The
holes in the spectra are due to blocking by the notch filter. The 487-nm spectrum
is also presented in (b) together with those of M2* and m5* dye monomers (487-
nm and 513-nm excitation, respectively). A sum of the M2* spectrum and 0.25
times the m5* spectrum is shown in (c) together with the F4%* spectrum.

Computational Studies

To explore structural heterogeneity, we have done density
functional theory (DFT) -calculations on a simple model
homodimer (Figure 8, top) using the Gaussian program
packagel'. We chose the rhodamine core structure and two
methylene units as bridge to limit the computational time. Seven
different geometries were found by optimization at the B3LYP/6-
31G level and are shown in Figure 8; there are of course more
possible conformers but we believe that those obtained serve as
good representatives. Also vibrational frequencies were
calculated to verify that all structures are local minima and not
transition states. Based on the frequencies the internal energy is
estimated to 0.7 eV at 298 K. The structures were subjected to
single-point  calculations at the B3LYP/6-311++G(2d,p)
(SCF=Tight) level. The highest-energy isomer (VIl) is 0.55 eV
higher in energy than the lowest-energy one (I).

A summary of relative energies, distances between the
fluorophore centers (R), and relative dipole orientation factors (i?)
are given in Table 2 (coordinates and details on how to calculate
k? are given in the Sl). The interfluorophore distance varies
between 11.0 A (conformer Il) and 12.7 A (lll). The lowest value
of k? is 0.04 (V) and the highest 0.95 (I). Indeed, the two lowest-
energy structures have significantly different x? values (0.95 and
0.16) and R-values (12.5 A and 11.0 A). These two structures will
give different fluorescence spectra as the charge-induced
polarization of the two fluorophores is different, which accounts
for broader spectra seen for dimers than for monomers. Only
Stark-shifted emission is seen for dimers as the monomers only
carry one positive charge. In addition, the higher-energy
structures will contribute to this broadening, in particular if
equilibrium is not established under the experimental conditions.
While the ions undergo thermalizing collisions with the room-
temperature helium-buffer gas in the trap, some RF-heating is
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unavoidable (due to energetic collisions between high-velocity
ions and helium). The large variation in «? also suggests that
structures are present for which FRET is less likely to occur even
though R is short. These could explain the small emission seen
from R575* after photoexcitation of F12* (Figure 5).

Calculated structures of homodimers modeling d22*/ D22*/
F22* and d4?" / F4%" are shown in Figure 9, again using the
simplified rhodamine core structure for each dye; results are
summarized in Table 3. Here the linear, rigid n-linker limits the
number of possible structures. For F22* models, we found three
structures extremely close in energy (basically isoenergetic), and
where the two dyes are oriented with nearly parallel or
perpendicular transition dipole moments providing high and low
k2 values, respectively (Table 3 and Figure 9). The former
orientation favors FRET in contrast to the latter. In the case of
F4?* models, we locate two low-lying structures that both have
nearly parallel transition dipole moments (Table 3 and Figure 9).
A low-lying transition state connects these “anti” (I’’) and “syn”
(I””) structures from a rotation around the n-spacer-(CHy) single
bond. The transition state is 0.014 eV higher in energy than the
“anti” form, and at room temperature there is therefore basically
free rotation around the single bond. Importantly, the structures
found close in energy for F22* and F4?* models and the low-lying
transition state for the F4%* model indicate that the two dyes to a
good approximation can rotate freely relative to each other, along
an almost linear rod, within the excited-state lifetime, and
therefore that a value of 2/3 is a reasonable estimate for «? for
both heterodimers. Likewise, Winters et al.?® found based on DFT
calculations that the ground state of a butadiyne-linked porphyrin
dimer has a broad distribution of dihedral angles at room
temperature due to a very low barrier for rotation.
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Figure 8. Optimized geometries of the simplified dimer structure shown on top.
The transition dipole moments and the interfluorophore distance vector are
indicated for I (top).

Table 2. Relative conformer energies, interfluorophore distances (R), and
relative dipole orientation factors (kx?) for homodimers shown in Figure 8.

Conformer E (ineV) R (in A) K2

1 0 125 0.95
[} 0.049 11.0 0.16
1 0.33 12.7 0.50
v 0.33 12.3 0.84
v 0.35 11.4 0.04
\'l 0.40 11.9 0.17
Vi 0.55 11.2 0.49
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Table 3. Relative conformer energies, interfluorophore distances (R), and
relative dipole orientation factors (k?) for acetylenic scaffolds shown in Figure 9.

Conformer E (ineV) R (in A) K2
r 0 18.4 0.008
r 0.0066 18.1 0.85

nr 0.012 18.2 0.91
I” 0 22.6 0.95
"’ 0.0014 22.7 0.79
TS” 0.014 22.7 0.061

—

——

Figure 9. Optimized geometries of simplified dimers with acetylenic bridges;
same rhodamine units as those shown in Figure 8, top. Left: Butadiyn bridge.
Right: Diethynylbenzene bridge.

Based on the assumption of k2 being 2/3 for both F22* and
F4?*, we can provide an estimate of the Forster distance simply
from calculated interfluorophore distances. In F22* the energy-
transfer efficiency is more than 50%, which implies that R(F2%*) <
Ro while in F4?* the efficiency is less than 50% and R(F4?*) > R.
As R(F22*) = 18 A and R(F4%*) = 23 A, an estimate for Ry midway
between the two R values is 20.5 + 2.5 A. This value is
significantly less than that of 67 A reported by Jockusch and co-
workers?"l for the R575*/R640* FRET pair tethered to a peptide,
even though the spectral overlap is larger for R575*/RB* than for
R575*/R640*. We note that Ro® is proportional to the spectral
overlap and to k2, and that x? was assumed to be 2/3 for the
R575*/R640* FRET pair. This significant difference in Ry reflects
the efficient screening provided by a n-spacer as such screening
lowers the dipole-dipole interaction between the two dyes and as
a result the Forster distance.

Finally, we calculated the molecular orbitals of the rhodamine
model with a phenylethynyl appendage at the MP2/6-
311++G(2d,p) // B3LYP/6-31G level of theory (Figure 10). It is
evident that the HOMO is located on the phenylethynyl unit with
no overlap with the xanthene dye. Likewise, the HOMO-1 and the
LUMO are on the xanthene dye, and there is no r-orbital overlap
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with the phenylethynyl unit. This picture supports our assumption
from earlier that the energy transfer is not mediated by the n-
spacer in heterodimers.

4 2
<4 >-d
J‘J‘ &
9 >
F
2

4

LUMO

e &

2 9
S 299 25 HOMO-1
N 9

] o4

Figure 10. Model rhodamine with ethynylphenyl appendage (structure shown in
box). MP2/6-311++G(2d,p) // B3LYP/6-31G calculated orbitals of HOMO-1,
HOMO, and LUMO.

It is worth to mention that while a polarity model does provide
a simple explanation for our results, the molecules with alkyl
spacers have rather complex structures (Figure 8) rendering a
direct comparison of linkers somewhat difficult. Indeed, as our
calculations show, an alkyl spacer allows for more conformational
freedom. In contrast, the molecules with n-spacers are nearly
linear (Figure 9), which is optimum for polarization of the =n-
electrons in the triple bonds. For comparison, buta-1,3-diyne has
a slightly larger boiling point than butane, which is partly ascribed
to the polarization of the n-electrons in the former molecule and
as a result greater dispersion forces. It would be interesting to
better establish the connection between geometric structure and
Stark-shifted emission. This would require conformer selection,
for example done by ion-mobility spectrometry. Another approach
would be cold-ion spectroscopy. At low temperatures, it is
possible to address each conformer selectively due to specific
absorption lines. Our instrumental work is going in this direction
with the current construction of LUNA2, a setup operating at 77 K,
and hopefully also a cryogenically cooled setup in a foreseeable
future.

Conclusion
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In this work, we have reported the synthesis of new dyads where
two charged dyes (Rhodamine 575 or Rhodamine B) are bridged
by almost linear linkers (rods). The preparations were based on
acetylenic coupling reactions, and oxidative alkyne-alkyne
dimerizations were finely tuned to reach optimum conditions for
the various rhodamine scaffolds.

Gas-phase fluorescence studies on the cationic dyes reveal
strong polarization of the n-linker when it experiences the electric
field from one or two dyes. As a result, n-spacers provide efficient
shielding of charges, i.e., they reduce the Coulomb interaction
between two dye cations. This was evidenced from almost
identical fluorescence spectra of homodimers and corresponding
monomer derivatives. In contrast, two dye cations repel each
other strongly when connected by an alkyl bridge, which results
in red-shifted emission spectra due to the Stark effect.

In the case of heterodimers, a n-spacer acts as a shield
against the dipole-dipole interaction that governs energy transfer
from donor to acceptor. Hence the energy-transfer efficiency is
much reduced compared to that for corresponding systems with
alkyl spacers. Indeed, from DF T-calculated structures, we provide
an estimated Forster distance of only 20.5 + 2.5 A for the
Rhodamine 575 / Rhodamine B FRET pair tethered together with
a n-spacer despite a high spectral overlap of donor emission and
acceptor absorption. This screening effect may have direct
implications on the energy transfer when fluorophores are
integrated in biological systems where aromatic units potentially
could act as n-shields.
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A communication barrier: A n-spacer blocks the electronic communication between two ionic rhodamine dyes in a dyad isolated in
vacuo as it screens for the electric field that each dye senses from the other. As a result energy transfer based on the dipole-dipole
interaction is less efficient than that for systems with alkyl spacers. This conclusion is reached from gas-phase ion fluorescence
spectroscopy of monomers and dimers prepared by acetylenic coupling reactions.
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