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ABSTRACT: Amide derivatives of xanthene dyes such as rhodamine B are useful in a variety of sensing applications due to their
colorimetric responses to stimuli such as acidity changes and UV light. The optical properties of these molecules can be influenced
by intermolecular associations into dimeric structures, but the exact impact can be hard to predict. We have designed a covalently
linked intramolecular dimer of the dye rhodamine B utilizing p-phenylenediamine to link the two dyes via amide bonds. The doubly
closed spirolactam version of this dimer, RSL,, is isolated as a colorless solid. Under acidic conditions or UV exposure, RSL,
solutions develop a pink color that is expected for the ring-opened form of the molecule. However, nuclear magnetic resonance
(NMR) and single-crystal diffraction data show that the equilibrium still prefers the closed dimer state. Interestingly, the emission
profile of RSL, shows solvatochromic blue fluorescence. Control studies of model compounds with similar structural motifs do not
display similar blue fluorescence, indicating that this optical behavior is unique to the dimeric form. This behavior may lend itself to
applications of such xanthene dimers to more sophisticated sensors beyond those with traditional binary on/oft fluorescence profiles.

B INTRODUCTION The pH-sensitive transition of RSLs between the closed,
deprotonated form and the open, protonated form is
dependent on substituent groups attached to the nitrogen of
the amide.””'* Studies indicate that the kinetics and pKa
values of RSLs are governed by both the sterics”'>'* and

Rhodamine B is a common xanthene dye that has historically
been used in dye lasers'™* and textile dyeing’ As our
understanding of rhodamine B’s chemical and photophysical

properties has progressed, interest has grown in chemically electron-withdrawing/donating nature® % 5 of the amide
modifying the basic structure of the dye to expand its utility in substituents. In general, increasing the size and electron-
a variety of applications. One of the most studied modifications withdrawing character of the substituent groups shifts pKa
is the conversion of the carboxylic acid of rhodamine B into an values to higher numbers.'* In addition, smaller, electron-
amide, which can adopt two forms: a closed, spirolactam form withdrawing groups result in faster ring-opening kinetics and

in which the fluorescence of the xanthene core is quenched due

to the disruption of conjugation, or an open form, which is Received: April 18, 2022
fluorescent (Figure 1a). The transition from the closed to open Revised:  June 8, 2022
form is sensitive to both pHé_14 and ultraviolet illumina- Published: June 24, 2022
tion,">~** which enables the use of rhodamine spirolactams

(RSLs) in sensing or other dye-activation on/off switching

applications.
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Figure 1. (a) Equilibrium between the closed and open forms of generic rhodamine B spirolactams. (b) Potential equilibria between the doubly
closed (RSL,), doubly opened (RA,), and singly opened and singly closed (RSL-A) form of the rhodamine B dimer investigated in this work.

favor the open form of the spirolactam in equilibrium.'” The
most common application of pH-sensitive RSL probes is as
lysosome markers in cells, as the low pH of the lysosome
environment, relative to the surrounding cellular environment,
leads to turn-on of RSL probe fluorescence." "'

Photoswitching is another mechanism of RSL control
between closed and open forms. Ring-opening is observed
when RSLs are exposed to light in the range of ~250 to 400
nm."> As with pH, the kinetics of ring-opening is influenced by
the sterics and electron-withdrawing/donating nature of
substituent groups attached to the nitrogen of the
amide.'®"”** In addition, ring-opening kinetics are dependent
on solvent effects, with solvent acidity and polarity playing a
role."''*?% Acidic solvents favor the formation of the open
form of RSLs,'>'®"? while the effect of solvent polarity is more
variable.”” RSL photoactivation has been used in a variety of
applications, most notably in super-resolution microsco-
py.' '3 Other a}gplications of RSL photoswitching include
volumetric displays'”'® and optoelectronics.*”

Though the functional diversity of RSLs is impressive, their
range of use can be limited by conditions that promote dye—
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dye interactions. At high solution concentrations or in coating
applications, dye—dye interactions can result in spectral shifts,
quenching, and other unpredictable behavior. The exciton
theory of dye—dye interactions originally developed by
Kasha®*** and recently expanded by Spano”®*® can serve as
a theoretical tool relating dye aggregate behavior to photo-
physical properties. Exciton theory predicts the existence of H
dimers (7-stacking of xanthene cores with parallel transition
dipoles) or J dimers (offset xanthene cores and transition
dipoles) in dye—dye interactions (Figure 2). H dimers typically
exhibit hypsochromic absorbance and quenched fluorescence,
while ] dimers exhibit bathochromic absorbance and
emission.””** In concentrated solutions or in surface coatings,
aggregates can be formed to a much greater extent than dimers,
and domains can form of variable H/J interactive behav-
ior.”**® Thus, there has been interest in studying rhodamine
aggregation in solution and on surfaces in relation to exciton
theory."”*™** These studies have found clear evidence of
pronounced spectral shifts and quenching that can be
quantitatively difficult to predict.

https://doi.org/10.1021/acs.jpca.2c02665
J. Phys. Chem. A 2022, 126, 4211-4220
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Figure 2. (a) Rhodamine B (top) with a stick structure, axes, and data table (bottom) indicating the orientation and size of the calculated transition

dipole moment. (b) Potential Intermolecular orientations for H and J dimers of rhodamine B, as suggested by the work of Filatov et a
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In this work, we report the synthesis and characterization of
a rhodamine B dimer (RB,) in which we use p-phenylenedi-
amine to create amide bonds with the carboxylic acid of two
rhodamine B molecules, forming dual spirolactam moieties
(Figure 1b). To our knowledge, this is the first covalently
linked dimer of rhodamine B featuring spirolactam motifs. The
phenyl moiety of the linker was chosen for structural rigidity
and planarity; it was hypothesized such a linker would greatly
constrict H/J interaction of the rhodamine B monomers,
depending on the open—closed states of the spirolactam
groups (both amides open, RA,, one open and one closed in
spirocyclic form, RSL-A, and both closed, RSL,). Figure 3
exhibits the computationally derived lowest energy conformers
of the three dimer species potentially participating in the
overall equilibrium. As can be seen, the xanthene cores in these
conformers might be predicted to have H or J dimer
interactions based on their spatial proximity and relative

+2H*
- 2H*
RSL, RA;
+H* +H*
ol /+
|

yor

RSL-A

Figure 3. Computationally derived lowest energy conformers of the
three dimeric species potentially present in solution at equilibrium.
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orientations. It should be noted that these lowest energy
conformers were not very energetically separated (~1 kcal/
mol) from conformers of varying xanthene orientations. Thus,
there are potentially a wide variety of relative xanthene
conformations at equilibrium in dimer solutions, making
overall H or J dimer behavior difficult to predict. In addition,
it was predicted that the equilibrium between the three states
could be potentially controlled by pH or light activation.
Results indicate that the dimer equilibrium not only favors the
RSL, form in most solvation environments but it also exhibits
sensitivity to pH and UV illumination. Unlike previously
reported RSLs, the RSL, state of the dimer exhibits
solvatochromic emissive behavior centered in the blue region
of the spectrum, while the open forms exhibit fluorescence
more typical of open-form RSLs. The open form spectral
signature is slightly bathochromic relative to rhodamine B,
indicating possible J-type interactions between the rhodamine
B subunits of the dimer. The surprising color-switching of the
dimer raises the possibility of applications that move beyond
the on/off functionality of traditional RSLs.

B METHODS

Materials. The following reagents were obtained from the
vendors indicated and used without further purification:
Rhodamine B (Sigma Life Sciences), p-phenylenediamine
(Acros), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide
hydrochloride (EDC-HCl) (Oakwood), 1-hydroxybenzotria-
zole hydrate (HOBt-H,0) (CreoSalus), dichloromethane
(OmniSolv), methanol (OmniSolv), 3-methyl-1-phenylindo-
lin-2-one (MPO) (Alfa Aesar), and silica gel (Sorbtech). N,N’-
(1,4-phenylene)dibenzamide (NPD) was prepared according
to a literature procedure.”> Flash chromatography was
performed on a Teledyne CombiFlash NextGen 300+ flash
purification system. NMR spectra were recorded using a JEOL
ECZ-400S NMR spectrometer. Mass spectrometry data was
acquired on a Shimadzu LCMS-804S. Elemental analysis was
performed by Atlantic Microlab.

https://doi.org/10.1021/acs.jpca.2c02665
J. Phys. Chem. A 2022, 126, 4211-4220
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Synthesis of 2,2”-(1,4-Phenylene)bis(3’,6'-bis-
(diethylamino)spiro[isoindoline-1,9’-xanthen]-3-one)
(RSLy). To a 100-mL round-bottom flask was added 0.906 g
(1.89 mmol, 2.11 equiv) of rhodamine B, 0.289 g (2.14 mmol,
2.39 equiv) of 1-hydroxybenzotriazole hydrate (HOBt-H,O),
and 20 mL of dichloromethane (DCM). The reaction was
stirred for S min, and 0.412 g (2.14 mmol, 2.39 equiv) of N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC-HCI) was added and stirred for 30 min before adding
0.0967 g (0.894 mmol) of p-phenylenediamine. The flask was
capped with a rubber septum, and the reaction was allowed to
stir at room temperature overnight. The solution was washed
with 50 mL of 1 M NaOH. The NaOH portion was then
extracted with dichloromethane until it was light pink. The
combined organic fractions were washed with 50 mL of brine,
dried with sodium sulfate, and concentrated. The residue was
purified by column chromatography on basic alumina using a
gradient of 50—100% dichloromethane in heptanes to afford a
white solid (198 mg, 0.207 mmol, 23% yield). '"H NMR (400
MHz, dichloromethane-d,) 6 7.90—7.83 (m, 2H), 7.50—7.36
(m, 4H), 6.95 (dd, J = 5.8, 2.4 Hz, 2H), 6.76 (s, 4H), 6.53 (d, ]
= 8.7 Hz, 4H), 6.32—6.18 (m, 8H), 328 (q, J = 7.1 Hz, 16H),
1.10 (t, J 7.0 Hz, 24H). *C NMR (101 MHz,
dichloromethane-d,) & 167.86, 154.32, 152.74, 148.87,
135.11, 132.96, 129.73, 128.43, 128.04, 126.00, 123.44,
123.18, 108.02, 105.87, 97.76, 67.04, 44.29, 12.38. Mass spec
(ESI) for C4,HgNgO, (M + H): Caled 957.5, found 957.4.
Elemental analysis calculated for Cg4,HgNO4: C 77.80, H
6.74, N 8.78; found 76.75, H 6.82, N 8.32.

Absorbance and Fluorescence Studies. Absorbance
and fluorescence excitation—emission matrix (EEM) measure-
ments were made on an Agilent Cary 60 UV-VIS and a
Shimadzu RF-6000 spectrofluorophotometer, respectively.
Stock solutions of the dimer, rhodamine B, and aromatic
controls (MPO/NPD) were made in DCM (dimer and
aromatic controls), 2 M HCI/DMSO (acidified dimer), and
EtOH (rhodamine B), respectively, at ~mM concentrations
and then diluted to 50 uM final concentrations in one of the
solvents listed in Table 1, followed by thorough vortexing to

Table 1. List of Solvents Used in This Study, with
Corresponding Hydrophobicity Ranked Using ET(30)“
Values

solvent ET(30)

H,0 63.1
75% H,0/25% MeCN 58.7
50% H,0/50% MeCN 54.4
25% H,0/75% MeCN 50.0
MeCN 45.6
DMSO 45.1
DCM 40.7
THF 374
hexane 31

“ET(30) values obtained from refs 37, 38.

ensure well-mixed final solutions. Fluorescence EEM measure-
ments are affected by Rayleigh and Raman scattering, which
can interfere with the analysis of the EEM spectra.’® To
minimize scattering contributions to spectra, a high-scattering
blank was made by suspending 1.5 pm Si microspheres
(Thermo Scientific) in water and subsequently run on the
spectrofluorophotometer to obtain scatter blanks. The blank
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spectra consisted of a prominent scattering signal, with a
background level signal outside of scattering regions. Spectra of
fluorescence samples were then corrected by employing a logic
test versus the scatter blank: in regions where signal intensity
of the scatter blank was significantly higher than the sample,
the signal was set to background levels, and in areas of sample
spectrum in which the sample signal was higher than the blank
scatter, the signal was left undisturbed. Examples of the blank
and sample spectra (pre and post correction) are presented in
the Supporting Information. Once corrected EEM measure-
ments were obtained, integrated excitation and emission
spectra were obtained by integrating all signals at each
excitation or emission wavelength, respectively. The integra-
tion procedure is also outlined in more detail in the Supporting
Information.

Crystallographic Methods. A single-crystal specimen of
[Ce:HesNO,][Cl],-6 DMSO (colorless) and [Cg,HgsNO,]-
[Cl],-H,O (pink) forms was used for the X-ray crystallo-
graphic analysis. The X-ray intensity data were measured at
194 K on a Bruker APEX CCD system equipped with a sealed
X-ray tube (Mo Ka, 4 = 071073 A) and a graphite
monochromator. Both structures were solved and refined
using the Bruker APEX/SHELXTL software package in space
group P-1 (No. 2). The structure of the “colorless” form
contained one [Cg,HgNgO,][Cl],-6 DMSO formula unit per
unit cell in which two of the three crystallographically
independent DMSO solvent molecules are disordered. The
structure of the “pink” form contained two [Cg,HggNgO,]-
[Cl],;-H,0 formula units per unit cell in which each
[Ce,HgsNgO,4]*" cation occupies a crystallographic inversion
center. Complete crystallographic details are provided in the
Supporting Information.

CCDC 2150573 and 2150574 contain the supplementary
crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by
emailing to data request@ccdc.cam.ac.uk, or by contacting
The Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

Computational Details. The geometries of all modeled
compounds were optimized at the MO06-2X/6-31+G(d,p)
level.” The stationary points on the potential energy surface
were confirmed with frequency calculations. The UV—vis
absorption and emission data were calculated using the TD-
DFT method.* The solvent effects were taken into account
using the Polarized Continuum Model (PCM).*" The
potential energy surface was examined through a relaxed
scan, optimizing all other geometry parameters but the
benzene linker dihedral angle that was kept fixed. All
calculations were performed using the Gaussian 09 program
package.”

B RESULTS

Synthesis and Interconversion. The RSL, dimer was
synthesized by coupling rhodamine B chloride to p-phenyl-
enediamine using the peptide coupling reagents HOBt and
EDC-HCI. After basic extraction and purification by flash
chromatography on basic alumina, the RSL, dimer was isolated
as a colorless solid. The *C NMR spectrum confirms the
closed structure by the clear peak at 67 ppm, indicative of the
quaternary spirolactam.”'® RSL, has a limited solubility profile.
Only chlorinated solvents such as dichloromethane and
chloroform dissolve it well, whereas it is sparingly soluble in
most organic solvents such as DMSO and THF. However, the

https://doi.org/10.1021/acs.jpca.2c02665
J. Phys. Chem. A 2022, 126, 4211-4220
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Figure 4. Two different views of the crystal structure obtained for RSL,-4HCI. (a) Molecular structure and naming scheme for the asymmetric unit
of the [C,HgsNgO,]* ion in crystalline [Cg,HggNO,][Cl],-6 DMSO. (b) Alternative view of the dimer showing the protonated diethyl amines

involved in hydrogen bonding with chloride counter ions.

RSL, solutions in chlorinated solvents develop a pink color
with time, presumably due to the formation of ring-opened
RA, or RSL-A in the slightly acidic solvents. This color change
is instantaneous in the case of chloroform and over a few hours
in the case of dichloromethane. For these reasons, dichloro-
methane was chosen as the solution for RSL,, but solutions
were prepared immediately prior to use.

To prepare open forms for NMR analysis, RSL, was reacted
with 20% w/w DCl in D,0 and diluted with DMSO-d,. The
solution was bright pink, as would be expected for an open
form of the xanthene moiety, and '"H NMR indicates
quantitative conversion to a new chemical species by the
downfleld shift of the xanthene signals and an upfield shift of
the singlet from the benzene linker (see Figure S4). The signal
integration ratios, the appearance of the benzene linker, and
the number of *C NMR signals (Figure SS) are all consistent
with a symmetric structure rather than the one-open/one-
closed RSL-A. The quaternary spirolactam peak is still evident
at 66 ppm in the '*C NMR, indicating that the predominant
species is protonated RSL, formed from protonation of the
diethylamine moieties on the xanthene rings, rather than RA,
or RSL-A. Because the quantum efficiency of the ring-opened
species should be quite high as evidenced by other RSLs, it is
reasonable that this species could be observable optically but
not by NMR.

This structural determination is further supported by X-ray
crystallographic analysis. Over a period of weeks, crystals are
obtained from a solution of RSL, that had been reacted with
concentrated HCl and diluted with DMSO. The obtained
crystal structure has a unit formula of [Cg,HNgO,][Cl], - 6
DMSO (RSL,-4HCl) and shows protonation of the four
diethylamine moieties, while the spiroisoindolone structure
remains intact (Figure 4a). In the unit cell, RSL,-4HCl sits on
the crystallographic inversion center at (1/2,1/2, 1/2) in the
unit cell. The planes of the xanthene rings are 7.654 A from
each other, and they sit essentially perpendicular to the
spiroisoindolone, with an angle of 88.86°. The perpendicular
distance between planes of the two spiroisoindolones is 0.26 A,
and the planes are angled 60.47° to the plane of the benzene
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linker (Figure 4b). While the supernatant solution is pink, the
crystal is colorless, which is consistent with the spirolactam
form present.

Interestingly, once the crystal was removed from the
nitrogen cold stream on the diffractometer and left at ambient
conditions, it underwent a phase transformation as a pink color
developed at the outer edges of the crystal and gradually
moved inward over a period of a day (see Figure S6).
Surprisingly, the pink crystal still produces an X-ray diffraction
pattern suitable for characterization, though of lower quality
than before (see the Supporting Information). This structure
maintains the closed RSL,-4HCI structure, though the DMSO
solvent molecules have been replaced by water, and the unit
cell is now composed of two RSL,-4HCI formula units. The
distances and angles between planes have shifted slightly. The
spacing between the xanthene planes has decreased to 7.483
and 6.937 A, while the spacing between the spiroisoindolone
planes has increased to 1.607 and 1.498 A for the two
crystallographically independent dimers, respectively. The
angles between the xanthene and spiroisoindolone planes are
still essentially perpendicular at 90.16 and 84.74° for the
dimers, respectively, while the angles between the spiroisoin-
dolone and the benzene linker in the two formula units are
now 50.99 and 54.53° respectively. Further experimentation
with colorless crystals has shown that exposure to a humid
environment can reproducibly produce a color change within a
matter of minutes. It is possible that the water displaces the
DMSO solvent and facilitates a small amount of proton
transfers to cause a small population of molecules to ring-open
and display the observed color change.

Taken together, the ’C NMR data and the crystallographic
data point to an equilibrium between RSL, and open forms
that exists, as evidenced by the color change but which is
heavily favored to the closed RSL, form. This is surprising, as
we expected a dimer in which bulky xanthene rings crowd the
linker interior would instead highly favor the open RA, form,
especially under acidic conditions.

Optical Characteristics. To explore the spectral character-
istics of the dimer, we sought to manipulate the solution
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equilibria of the different forms by changing solvation
conditions. As outlined above, RSL, is believed to be the
dominant form in the solutions tested, but appreciable
amounts of open forms are formed in acidified DMSO. For
this reason, two ~5 mM dimer stock solutions were made
using DCM and 2 M HCI/DMSO. The DCM stock solution
was clear and colorless, while the 2 M HCI/DMSO dimer
stock solution was bright pink. We hypothesized that
consistent with other RSLs, colorless solutions would be
dominated by the RSL, form of the dimer and thus would
exhibit very little fluorescence, while pinker solutions would
exhibit rhodamine B-like fluorescence due to open forms of the
dimer being present.”'* Fluorescence absorption (dotted
lines) and emission (solid lines) spectra are shown for SO
UM solutions created from the S mM DCM (Figure Sa) and 2
M HCI/DMSO dimer stocks (Figure Sb) in three
representative solvents of varying hydrophobicity: 50:50
water/MeCN, DMSO, and DCM (red, green, blue lines,
respectively). The inset in the spectra figures are photos of the
respective sample solutions excited at 305 and 365 nm. A wider
range of solvent polarities were tested, and their spectra and
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Figure 5. Fluorescence excitation (dotted lines) and emission (solid
lines) spectra of SO yM dimer sample solutions in three example
solvents: DCM (blue lines), DMSO (green lines), and 50:50 water/
MeCN (red lines). (a) Spectra generated from samples diluted from a
DCM stock of the dimer. The inset shows pictures of the same 3 mL
solutions used to collect the spectra under UV lamp illumination at
305 and 365 nm. (b) Spectra generated from samples diluted from a 2
M HCI/DMSO stock of the dimer, resulting in sample solutions
containing ~20 mM HCI. The inset shows pictures of the same 3 mL
solutions used to collect the b spectra under UV lamp illumination at
305 and 365 nm.
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inset photos are shown in Figures S10 and S11. All spectra
exhibited prominent UV fluorescence excitation peaks (~300
nm excitation max), with other notable excitation peaks in the
region typical of rhodamine B (~560 nm). As expected, sample
solutions made from the 2 M HCI/DMSO dimer stock
exhibited much more prominent rhodamine B-like excitation,
likely due to the presence of HCI acid (~20 mM in sample
solutions).

Given the NMR and crystallographic data that indicates
RSL, is a doubly closed spirolactam form of the dimer, it is
quite surprising that there is appreciable fluorescence emission
from the clear solutions across a wide range of solvent
polarities (Figure Sa). In the polar water—MeCN mixture
diluted from DCM dimer stock, the sample exhibited an
emission max of 410 nm, with a secondary peak at 335 nm and
a relatively minor peak at 580 nm near the typical rhodamine B
emission max, with a series of shoulders venturing farther into
the red part of the spectrum. In medium-polarity DMSO, the
peak at 335 nm is barely visible, the peak at 410 nm red-shifts
to an emission max of 535 nm, and the shoulder at 580 nm
becomes more prominent. In DCM, the most hydrophobic
solvent system used, the 335 nm peak is once again more
prominent, the middle peak blue-shifts to 474 nm, and the
shoulder is now located at 575 nm. It is notable that these
spectral profiles differ markedly from typical rhodamine B
spirolactams, which uniformly exhibit on/off s?ectral behavior
with a peak identical to rhodamine B.”'*'® In RSL,, the
apparent solvatochromic peak which shifts between an
emission max of 410 and 535 nm is the dominant fluorescence
emission peak of dimer solutions, regardless of the solvent. We
hypothesize that the solvatochromic peak is due to the closed
RSL, form of the dimer, with the 580 nm contributions to the
spectra indicating a contribution from RA, (or possibly RSL-
A) in solution equilibrium. We also observe this blue
fluorescence when the colorless crystals discussed above are
irradiated with UV light, indicating that this solvatochromic
peak is observed in the solid state as well.

By comparison, the samples created from the 2 M HCl/
DMSO dimer stock exhibited a pink color across a wide range
of solvation conditions (Figure Sb). As expected from the pink
color, acidified dimer sample solutions exhibited much more
prominent orange emission peaks (~585 to 590 nm) that
closely resemble rhodamine B fluorescence but are slightly
bathochromic, indicating possible J-type interactions between
the subunits of the dimer (control rhodamine B spectra, with
comparison to the orange dimer peak, can be found in Figure
S12). Again, rhodamine spirolactams are known to ring-open
and exhibit rhodamine B-like fluorescence in acidic conditions,
so it is not surprising we see such behavior.”'* However, like
the dimer solutions diluted from the DCM stock, the acidified
dimer samples exhibit significant blue emission (460 nm max
in water/MeCN and DMSO, 440 nm max in DCM). Notably,
the intensity ratios between the orange and blue peaks vary
with the solvents, with the orange peak being most dominant
in the DMSO solvent and the blue peak dominating the DCM
solvent. Once again, we hypothesize that the spectra indicate
an equilibrium between the RSL, <> RSL-A < RA, species,
which contribute to the blue (RSL,) and orange emission
peaks (RSL-A, RA,), respectively. The blue emission peak
exhibits less color-shifting behavior across the range of solvents
tested when compared to the nonacidified dimer samples. It is
hypothesized that the significant presence of acid (~20 mM in
fluorescence samples) reduces the heterogeneity in the
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solvation environment for the acidified dimer samples, thus
decreasing the spectral shifts with respect to the solvent. Like
the pink solutions, when the pink crystals were irradiated by
UV light, we observe both orange and blue fluorescence, which
we hypothesize is due to the presence of both open and closed
forms in an equilibrium (see Figure S7).

Absorbance measurements for both the dimer and acidified
dimer samples were performed as well to see if the UV—Vis
spectra departed significantly from fluorescence excitation
spectra. There were no significant absorption peaks outside of
fluorescence excitation regions. These absorbance spectra can
be seen in Figure S12.

UV Sensitivity. Given our hypothesis that the RSL, dimer
exhibits the typical rhodamine spirolactam ring-opening
behavior in acidic solution, we also wanted to investigate
potential ring-opening under UV illumination. UV light is
known to cause ring-opening in rhodamine spirolactams, and
longer UV exposure times would be expected to convert more
RSL, into open forms.'>'® Figure 6 shows spectra obtained

800000 1 UV exposure:
700000 A
600000 A
500000 A

400000 ~

«eee 5 days after
“*** exposure

300000 A
200000 A

Fluorescence Intensity (a.u.)

100000 +

450 650
wavelength (nm)

850

Figure 6. Fluorescence excitation and emission spectra of a 50 uM
dimer sample in DCM solution exposed to varying amounts of 305
nm UV light. Colored lines represent fluorescence excitation spectra
(dotted lines) and emission spectra (solid lines) as the sample was
subjected to increasing exposures in 15 s increments. Black circles
(excitation) and black triangles (emission) represent the same sample
stored S days at room temperature in the dark after the longest
exposure of 120 s.

from a S0 4M solution of a dimer sample in DCM after varying
exposures to 305 nm light (excitation: dotted colored lines,
emission: solid colored lines). The solution was exposed in 15
s intervals, from no exposure (red lines) to 2 min (purple
lines). There is a clear trend in the spectra of the emission peak
centered at ~475 nm (blue fluorescence) decreasing with
prolonged exposure, with the peak at ~585 nm (orange
fluorescence) showing a corresponding increase. This is
consistent with the hypothesis that the blue fluorescence is
indicative of RSL, in solution, while the orange fluorescence is
contributed by one of the open forms. Also shown is an
excitation spectrum (black circles) and emission spectrum
(black triangles) of the same DCM solution after the 2 min of
UV exposure and subsequent storage in the dark at room
temperature for S days. It can be seen that the solution has
largely reverted to the same fluorescence profile as was
observed in the original, unexposed RSL, sample. This
provides evidence that the UV illumination is not causing
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unforeseen photochemistry in the sample and is merely driving
equilibrium toward open forms in a solvation environment that
largely favors RSL,.

Aromatic Control Spectra to Investigate Possible
Sample Contamination. In an effort to investigate the
source of the solvatochromic emission peak present in
solutions believed to contain predominantly the RSL, form
of the dimer, we explored the spectral characteristics of two
aromatic molecules, MPO and NPD. These two molecules
were chosen due to their structural similarity to linker-
associated motifs present in the dimer. If the spectra obtained
from these two controls closely mimicked the solvatochromic
portion of dimer spectra, it could indicate one of two
possibilities: either the closed linker structure could be
contributing to the solvatochromic fluorescence of the dimer,
or dimer solutions are contaminated with some linker-related
species. We feel that sample contamination is highly unlikely
due to the white crystalline appearance of the solid dimer, the
well-resolved NMR spectra, the absence of impurities
detectable by HPLC (see Figures S1—S3), and the
interconversion between the orange and blue emission peaks
in the UV exposure experiments. Thus, we thought it more
likely that spectral similarities between these controls and the
dimer spectra would indicate possible linker contributions to
dimer spectra. The excitation and emission spectra of these
two compounds in the same solvents used in Figure Sa,b can
be seen in Figure 7a (MPO) and 7b (NPD). The two controls
had very similar spectra, with fluorescence emission evident at
~335 and ~650 nm. There was spectral emission from dimer
samples in the ~335 and ~650 nm regions in some of the
solvents tested. For instance, the 50 yM DCM sample in
Figure Sa exhibits fluorescence emission in these regions. In
addition, the hexane samples for both dimer stocks much more
strongly resembled the spectra of the aromatic controls, as can
be seen in Figures S10 and S11. However, the spectra of the
control molecules do not present peaks similar to the
prominent solvatochromic peak of the dimer, which argues
against the hypothesis of these structural motifs contributing to
said peak. Given that the aromatic controls exhibited
consistent spectral characteristics in a wide range of hydro-
phobicities and that these signatures are not evident in most
dimer spectra, we hypothesize that the similar dimer peaks are
not due to contamination but rather due to the impact of the
solvation environment on the fluorescent moieties of the
dimer.

Computational Modeling. To further understand the
properties of the dimers, RSL,, RSL-A, and RA, were modeled
in DCM. The three structures are very close energetically, with
energy differences of less than 1 kcal/mol. This is consistent
with the hypothesis that they coexist in the solution. Further
investigations point toward a very flat potential energy surface
of RSL, with respect to rotation of the benzene linker with
respect to the spiroisoindolone plane (Figure S15). The
minimum corresponds to an angle of 76°, which is in good
agreement with the experimental X-ray structure data,
especially taking into account the fact that the computational
modeling was performed in solution. We will refer to this
structure as RSL, (6 = 76°). The maximum corresponds to
RSL, (0 0°) or a planar spiroisoindolone—benzene—
spiroisoindolone structure. Vibrational analysis indicates that
this maximum is a transition state that connects the two
minima RSL, (6 = 76°) and RSL, (6 = —76°). The barrier for
rotation of the benzene linker is very small, less than 3 kcal/
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Figure 7. Spectra of 50 uM MPO, NPD controls in the same three
solvents used in Figure Sa,b. Insets show their respective structures.
(a) Fluorescence excitation and emission profiles of the MPO control.
(b) Fluorescence excitation and emission profiles of the NPD control.
Emission spectral features do not overlap with the two main emission
peaks for the dimer. However, there is some spectral overlap with less
prominent peaks in the dimer spectra.

mol. Since it is significantly less than 20 kcal/mol, our
calculations suggest that at room temperature the benzene
linker rotates freely in the solution.

With regards to the solvatochromic peak, TD-DFT
calculations of the UV—vis absorption and emission spectra
of RSL, (6 = 76°) indicate mixed transitions and no
fluorescence. However, the planarity of the spiroisoindo-
lone—benzene—spiroisoindolone structure in RSL, (6 = 0°)
allows for significant delocalization of the electron density
along this plane. Figure S16 compares the frontier molecular
orbitals of RSL, (6 = 76°) and RSL, (6 = 0°). In RSL, (0 =
76°), the LUMO is delocalized, but the HOMO is localized on
the two rhodamine B subunits, resulting in no fluorescence as
expected for the closed structure. In RSL, (6 = 0°), a new
HOMO orbital appears, and both HOMO and LUMO are
delocalized across the spiroisoindolone—benzene—spiroisoin-
dolone plane. The HOMO—-LUMO gap significantly de-
creases, and the structure’s fluorescence is hypsochromic by 87
nm compared to rhodamine B. This is in good agreement with
the experimentally observed shift of around 100 nm.
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indicates that at any given time, a significant enough
population of molecules may be present to lead the observed
blue fluorescence. Indeed, this barrier is small enough that a
small population of molecules may be able to adopt this
conformation in the solid state of the colorless crystal at any
given time. If the linker is responsible for the blue fluorescence
emission, the solvatochromic aspect of this emission may be
explained by conformational changes influencing solvent
penetration into the areas of the dimer proximal to the linker.

On the other hand, intramolecular interactions could
potentially also explain the presence of the solvatochromic
peak; though the spirolactam disrupts the continuous
conjugation of the xanthene cores, there are still a number of
aromatic moieties in the closed form of the dimer. The number
and proximity of the aromatic moieties could result in
intramolecular interactions, leading to “aggregation”-induced
emission. This might also explain the solvatochromic nature of
the emission, as different solvation environments may result in
conformational changes in the dimer’s subunits, resulting in
changing intramolecular spatial relationships between the
aromatic moieties. Aggregation-induced spectral shifts related
to the solvation environment have been observed previously
for rhodamine-based probes, though not originating from
closed lactone/lactam forms.” Such aggregation effects in the
solid state could also explain the blue fluorescence observed in
the colorless crystal when irradiated with UV light.

B CONCLUSIONS

In this work, we report the synthesis and fluorescence
characterization of a dimer of rhodamine B connected using
a p-phenylenediamine linker, which results in a dual
spirolactam motif. As with other RSLs, the dimer exhibited
spirolactam sensitivity to both pH and UV illumination.
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Surprisingly, evidence suggests that the doubly closed form of
the dimer exhibits solvatochromic fluorescence emission
centered in the blue region of the spectrum. In addition, the
evidence also suggests that the dimer equilibrium is heavily
weighted toward the doubly closed form, regardless of the
solvation environment. The NMR and crystallographic data
indicate that the closed form of the dimer is dominant, with
little to no signal indicating either of the open forms of the
dimer. The primary evidence that ring-opening occurs is the
pink solution color of the dimer in acidic or UV-exposed
conditions and the corresponding rhodamine B-like fluores-
cence emission. It is possible that the pink form of the dimer
could be either the singly open RSL-A form or the doubly
open RA, form, as it is unclear if there would be any spectral
characteristics that differ appreciably between these two forms.
The surprising equilibrium and fluorescence emission charac-
teristics of the dimer lead to questions about how the structure
of the linker influences both. In future work, we seek to
investigate linker chemistry that influences the open—closed
equilibrium, as well as the solvatochromic emission. We
hypothesize that increasing the steric bulk of the linker may
drive the dimer toward more open forms. In addition, changes
to the aromaticity of the linker may drastically modify the
solvatochromic emission of the dimer. If linker chemistry can
fine-tune both the open—closed equilibrium and the solvation
response of the dimers, it has the potential to expand the
applicability of rhodamine spirolactam molecular sensing.
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