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Abstract

The preparation and optical study of 4-amino-4'-isocyanobiphenyl (ICAB) and its mono-and
dialkylated derivatives (monoMICAB and diMICAB) are reported. They were found to be
effective blue light emitters with a solvatochromic range of Aly.x=104 nm, 92 nm and 90 nm,
respectively. All three compounds turned out to be promising candidates in protein-labeling,
yielding ~70-190x increase in their fluorescence intensity when mixed with 10x molar excess
of bovine serum albumin (BSA). The binding constants for the BSA-fluorophore complexes
were found to be Kicap-psa=3.8x10"£5.7x10° M, Kumonomican-psa=6.0x10*£3.9x10°> M and
KdiMICAB_BSA=2.3x104i3.2x103 M. Time resolved fluorescence measurements revealed a

nearly uniform ~2 ns lifetime for all three BSA-complexed ICAB derivatives.

Keywords: Fluorescence, Isocyanobiphenyl, Solvatochromism, DFT, BSA

1. Introduction

Solvatochromic fluorescent dyes have attracted great attention from both theoretical and
practical points of view. Unlike common fluorescent dyes the color of their emitted light is
sensitive to the polarity of their environment [1-3]. Beneficially their optical properties are
extremely dependent upon not only the bulk, but even their microenvironment, therefore they
are particularly suitable for the use in fluorescent microscopy and other molecular imaging
techniques to visually separate the different parts of biomolecules (e.g. cells, proteins, tissues,
tumors) [4,5]. Based on their behavior they can be considered as smart materials and their

field of application covers optical chemical sensors, molecular electronics, smart display
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technology, photovoltaics, optical nonlinear systems, etc. The field of application can be
further extended by taking advantage of the phenomenon of fluorescence quenching, which
offers an even more sensitive qualitative and quantitative analysis of appropriate quencher
molecules [6], furthermore structural information can also be gained [7].

Solvatochromic fluorophores are generally bipolar molecules, having a donor (e.g. amino,
hydroxyl) and an acceptor (e.g. carbonyl, sulphonyl) group on an aromatic core, resulting a
charge transfer between them. This dipole moment increases upon excitation and due to the
solvent rearrangement around the excited fluorophore, the energy of the excited state
decreases altering the Stokes-shift of the emission. Larger difference in the dipole moments of
the ground and excited states therefore results a more pronounced solvatochromic effect. One
way to increase this dipole moment difference is obtained by elongating the dipole axis by
using a larger aromatic core without altering the donor and the acceptor groups as Kucherak et
al demonstrated by exchanging the naphthalene core of PRODAN [8] to fluorene [9]. The
Stokes-shift of the resulting dye turned out to be almost twice than that of the original.
Solvatochromic dyes are perfect choice for labeling proteins, cells and other biomolecules.
They can simply incorporate to a feasible site (binding sites, hydrophobic pockets) of the
macromolecule [8,10,11], or can be attached to a specific amino acid unit, like in the case of
Acrylodan (the acryl derivative of PRODAN), which forms strong covalent bond with the free
thiol group of cysteine [12,13]. The change in the emitted fluorescent light indicates the
alteration of the environment around the fluorophore, which is helpful for monitoring
conformational changes in labeled biological macromolecules, or to study protein binding
sites. Bovine serum albumin (BSA) and human serum albumin (HSA) are good model
proteins with well-known structure to test labeling capability of dyes, and are widely used for
that reason.

Recently we reported the discovery of a new solvatochromic compound family based on 1-
amino-5-isocyanonaphthalene (ICAN), where the donor group is amino and the acceptor
group is isonitrile [14]. Our aim was to replace the naphthalene ring of ICAN to biphenyl as a
cheap and effective alternative to improve the solvatochromic properties. Benzidine (4,4'-
diaminobiphenyl) was selected as starting material because benzidine and its derivatives are
widely used in the industry for the synthesis of dyes and pigments. In addition to its easy
availability preliminary quantum chemical calculations showed a significantly increased

dipole moment in the excited state compared to that of ICAN.



Hereby we report the preparation and optical study of 4-amino-4'-isocyanobiphenyl (ICAB)
and its mono-and dialkylated derivatives. In addition the applicability of the ICAB derivatives

in the field of biolabeling using BSA as model protein is demonstrated.

2. Experimental

2.1. Materials

Acetone, chloroform, dichloromethane (DCM), ethyl acetate (EtOAc), hexane, toluene,
(reagent grade, Molar Chemicals, Hungary) were purified by distillation. Acetonitrile
(MeCN), tetrahydrofuran (THF), methanol (MeOH), dimethyl formamide (DMF), dimethyl
sulfoxide (DMSO), pyridine (HPLC grade, VWR, Germany), cyclohexane, 1,4-dioxane,4,4'-
diaminobiphenyl (reagent grade, Reanal, Hungary), methyl iodide (Sigma-Aldrich, Germany)
were used without further purification. Bovine Serum Albumin (BSA, Cell Culture Grade, pH
7.0, Lyophilized Powder, GE Healthcare Life Sciences, USA) was used as received.

2.2. Synthesis

2.2.1. 4-amino-4'-isocyanobiphenyl (ICAB)

A 48 ml ACE pressure tube was charged with 4,4'-diaminobiphenyl (2.00 g, 10.9 mmol)
dissolved in chloroform (15 ml) and with potassium hydroxide (3.00 g, 53.5 mmol) dissolved
in water (10 ml) and vigorously stirred with a magnetic stirrer at 120 °C for 3 days. After
cooling down, the organic phase was separated, washed with water 3 times, dried on
anhydrous magnesium sulfate and the solvent was removed on a rotary evaporator. The crude
product was purified on a column filled with normal-phase silica gel, using dichloromethane
as eluent. Yield: 0.53 g, 25 % (pale yellow powder).

'H NMR (360 MHz, CDCl3) 8 = 7.52 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 8.4 Hz, 4H), 6.75 (d, J
= 8.4 Hz, 2H), 3.81 (s, 2H) ppm.

BC NMR (95 MHz, CDCl3) & = 160.1(Cnc), 143.6 (C41), 139.4 (C)), 127.0 (C4), 125.8 (Cs,
5), 124.7 (Cy.¢), 124.5 (C3,5), 113.6(C3, 6) ppm.

ESI-TOF MS (m/z): calculated for C;3H;oN3: 195.092; found: 195.092 ([M+H]+).

2.2.2. 4-N-methylamino-4'-isocyanobiphenyl (monoMICAB) and 4-N,N-dimethylamino-4'-
isocyanobiphenyl (diMICAB)

A 100 ml round-bottom flask was charged with 4-amino-4'-isocyanobiphenyl (0.200 g, 1.03
mmol), methyl iodide (192 pl, 3.09 mmol), potassium hydroxide (0.28 g, 5.00 mmol)

dissolved in dry dimethyl formamide, and the reaction mixture was stirred with a magnetic



stirrer for 4 days at room temperature. The solution was diluted with dichloromethane, and
washed with brine 3 times. The organic phase was dried on anhydrous magnesium sulfate and
the solvent was removed on a rotary evaporator. The crude product was purified on a column
filled with normal-phase silica gel, using dichloromethane:hexane 1:1 (V/V) as eluent. Yield:
60 mg monoMICAB (27 %) and 62 mg diMICAB (28 %). Both were obtained as white
powder.

monoMICAB:'H NMR (360 MHz, CDCls) & = 7.53 (d, J = 8.4 Hz,2H), 7.42 (d, J = 8.4 Hz,
2H),7.37 (d, J = 8.4 Hz, 2H), 6.67 (d,J = 8.4 Hz,2H), 3.89 (s, 1H), 2.88 (s, 3H).

BC NMR (91 MHz, CDCls) & = 163.8(Cnc), 149.5(C4.1), 142.5 (C)), 128.8(Cy), 128.1(C3. 5),
127.8 (C2), 126.9(Cy), 126.6(C3,5), 112.7 (Cy,6), 30.6 (Cme).

ESI-TOF MS (m/z): calculated for C;4H,N»: 209.107; found: 209.107 ([M+H]+).
diMICAB:'H NMR (360 MHz, CDCls) & = 7.57 (d, J = 8.6 Hz,2H), 7.50 (d, J = 8.7 Hz,2H),
7.40 (d, J = 8.5 Hz, 2H), 6.82 (d,J = 8.8 Hz,2H), 3.03 (s, 6H).

C NMR (91 MHz, CDCl3) & = 163.8 (Cnc), 150.5 (C4.1), 142.4 (C)), 127.85 (C3. 5), 127.60
(C2), 126.86 (Ce), 126.59 (C3.5), 125.83 (Cy), 112.61 (Cy,6), 40.37 (Cwme)-

ESI-TOF MS (m/z): calculated for C;sH4N»: 223.123; found: 223.123 ([M+H]+).

3. Methods
3.1. NMR

'"H and *C-NMR spectra were recorded in CDClj at 25 °C on a Bruker AM 360 spectrometer
at 360 MHz (‘H) or 90 MHz (**C) with tetramethylsilane as the internal standard.

3.2. ESI-TOF MS

ESI-TOF MS measurements were performed with a BioTOF II instrument (Bruker Daltonics,
Billerica, MA). The concentration of the samples were 0.02 mg/ml. The solutions were
introduced directly into the ESI source with a syringe pump (Cole-Parmer Ins. Comp.) at a
flow rate of 2 ul/min. The temperature of the drying gas (N;) was maintained at 100°C. The
voltages applied on the capillary entrance, and the second skimmer were -4500 V and 30 V,

respectively.

3.3. UV-vis
The UV-vis spectra were recorded on a HP 8453 diode array spectrophotometer in a quartz

cuvette of 1 cm optical length. For UV-vis measurements the investigated compounds were



dissolved in the solvents at a concentration of 0.20 mg/mL and was diluted to 0.004 mg/mL

and 0.0008 mg/mL .3.00 ml solution was prepared from the sample.

3.4. Fluorescence measurements

Steady-state fluorescence measurements were carried out using a Jasco FP-8200 fluorescence
spectrophotometer equipped with a Xe lamp light source. The excitation and emission spectra
were recorded at room temperature, using 2.5 nm excitation, 5.0 nm emission bandwith, and
200 nm/min scanning speed. 3.00 ml solution was prepared from the sample with a
concentration of 0.0008 mg/mL. Fluorescence quantum yields were calculated by using
quinine sulfate in 0.1 mol/L sulfuric acid as the reference absolute quantum efficiency (®, =
55 %).

Laser flash photolysis experiments have been carried out in an Applied Photophysics LKS.60
nanosecond transient absorption spectrometer, equipped with a Quantel Brilliant Nd:YAG
laser along with its second and third harmonic generator. Third harmonic was used, which

emits at 355 nm.

3.5. Determinations of the Binding Constants

1.373x10™* M BSA stock solution was prepared in distilled water at 25 °C. Proper amounts of
the BSA stock solution were diluted to a final volume of 3mL. The concentration range of
BSA was set between (3.43x10 — 3.43x10™ M) to be in ~1-10 molar equivalent range relative
to the dyes. Next 10 pL acetonitrile stock solution (0.2 mg/mL) of the dyes were added, were
equilibrated for 15 minutes and their fluorescence spectra were recorded. The excitation
wavelengths were 314 nm, 335 nm and 347 nm for ICAB, monoMICAB and diMICAB
respectively. Using these wavelengths no excitation of the uncomplexed BSA could be
observed. For the calculations the fluorescence intensities of the BSA-fluorophore complexes
measured at the peak maximum were used. Assuming 1:1 complexation between the

fluorophore (F) and the BSA (B) according to eq. 1.

K
F+B — FB (1)

where FB is the fluorophore-BSA complex and K is the equilibrium constant.

[FB]

K= )
([F], —=[FBD([B], —[FB])




In the case of [B], >> [FB], eq. 2 reduces and [FB] can be expressed by eq. 3.

_ K[Fl,[Bl,

FBI=" K[B],

&)

Assuming that the fluorescence intensity of FB is proportional to its concentration eq. 4
comes as:

_ QKIFI,[Bl,

1+K[B], )

where ¢ is the proportionality constant (i.e. instrumental constant)

Furthermore, using eq. 5 as a target function the binding constant (K) can be determined by

parameter fitting from the experimental intensity versus BSA concentration plots.

a[B],

F Zm @)

where a = ofK[F], and b=K

For parameter fitting to the experimental data, a home-made computer program written in
Turbo Pascal using the Gauss-Newton-Marquardt procedure was employed [15]. In addition,

eg. 5. can be linearized to obtain eq. 6 as:.

111 b ©
Ip a[B], a

3.6. Density Functional Theory (DFT) calculations

The DFT and TDDFT calculations were carried out using the Gaussian 09 software package
[22]. The M06 meta-hybrid GGA functional was used [16] together with TZVP basis set [17].
Geometry optimizations were carried out in both the ground and excited states using the
polarizable continuum model (PCM) to account for solvent effects of DMSO [18,19]. For
these calculations, Gaussian 09’s default Integral Equation Formalism variant (IEFPCM) was

used [20,21].



4. Results and Discussion

Our aim was to synthesize a novel family of fluorophores with enhanced solvatochromic
properties by increasing the distance between the donor (amino) and the acceptor (isonitrile)
groups, yielding an increased dipole moment of the molecule. 4-amino-4'-isocyanobiphenyl
(ICAB) was obtained by the exchange of the naphthalene ring of ICAN to biphenyl. In order
to further enhance the polarizability the amino group was mono- and dimethylated resulting 4-
N-methylamino- (monoMICAB) and 4-N,N-dimethylamino-4'-isocyanobiphenyl (diMICAB).
4,4'-diaminobiphenyl (benzidine) was selected as the starting material based on its easy
availability, originating from the extensive use of this compound in commercial dyes.
Throughout the paper benzidine is used as reference for the optical properties of its newly

prepared isocyano-derivatives.

4.1. Synthesis and optical properties

Synthesis of 4-amino-4'-isocyanobiphenyl (ICAB) was performed according to the method
presented in our previous work [14], with slight modifications as presented in Scheme 1. The
purity of the products was confirmed by 'H as well as '>*C NMR analysis, the resulting spectra

are presented in the Supporting Information.

. . . . C o
H _ - H

R= H, R'=CHj: 3
R, R'=CHj: 4

Scheme 1. Synthesis of 4-amino- (ICAB) 4-N-methylamino- (monoMICAB) and 4-N,N-

dimethylamino-4'-isocyanobiphenyl (diMICAB)

UV-Vis absorption spectra were recorded in hexane for all products and benzidine as well
(Figure S3 in the Supporting Information). The structures of the spectra are similar, they
consist of a band with higher energy at A = 200-250 nm, attributed to the n-n* transition, and a
broader one with lower intensity between A = 250 and 350 nm for the HOMO-LUMO
transition, characteristic for the phenylene-based aromatic compounds. This lower energy part

of the spectra are presented in Figure 1. The maximum of these low energy bands were used

7



for excitation during the fluorometric measurements. It should be noted, that by incorporating
the isonitrile group, the maximum of the band for the HOMO-LUMO transition was shifted
from Amax = 279 nm (benzidine) to Anax = 301 nm in the case of ICAB, due to the charge
separation present between the amino and the isonitrile group. This charge separation can be
further increased by methylation of the amino group because of the electron donating property
of the methyl groups, which further decreases the energy of the HOMO-LUMO transition,
resulting a bathochromic shift, 12 nm for the monomethyl and an additional 10 nm for the
dimethyl derivative. This higher wavelength for the excitation maximum is advantageous in
practical applications.
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Figure 1. Normalized UV-Vis spectra of benzidine (1), ICAB (2), monoMICAB (3) and
diMICAB (4) in hexane

Fluorescence measurements indicated that the absorbance and excitation spectra are identical
(excitation spectra can be found in the Supporting Information in Figure S4). In different
solvents the excitation maxima varied between 279-306 nm, 298-329 nm, 305-338 nm and
315-340 nm in the case of benzidine, ICAB, monoMICAB and diMICAB, respectively. The
same bathochromic shift can be observed in the emission maxima as in the case of absorption
maxima, due to the more pronounced charge separation. However, the excitation maxima

show only a minor solvent-dependence, in the range of 25-33 nm.



More remarkable differences can be observed between the emission properties (Figure 2).
Emission maxima of benzidine are all in the UV range (372-403 nm in hexane and in DMSO,
respectively). This range was significantly increased to 353-457 nm (hexane-water) due to the

presence of the isonitrile group, which means a AA=104 nm solvatochromic range.

320 370 420 470 520 570
A (nm)

Figure 2. Normalized fluorescence emission spectra of benzidine (1), ICAB (2),
monoMICAB (3) and diMICAB (4) in hexane, dioxane and DMSO (from left to right,
20 °C, V=3 cm’, ¢ = 4.12x10°° M)

Surprisingly, this shift decreased as consequence of the methylation of the amine group. In
case of monoMICAB the shift was AA=92 nm (366-458 nm, hexane-water), and for diMICAB
it further decreased to AA=90 nm (357-447 nm, hexane-DMSO). Dimethylation would be
expected to offer greater electron donation, but its resonance contribution is suppressed by an
out-of-plane twist required to place the hydrogen at the peri-position of the fused ring, and the
conformational constraints originating from dimethylation suppress delocalization of the

nonbonding electrons on the amine nitrogen [23]. For diMICAB it is also striking, that the



emission maximum with the highest wavelength belongs to the one in DMSO instead of
water. It can be explained by the lack of the NH hydrogens, which prevents the interaction
with water to improve solubility. Furthermore, poor solubility of the molecules can cause
their association, providing a more nonpolar environment. Another interesting phenomenon
can be observed on the spectra, that the emission peaks split in hexane, which is probably due
to the N-H or N-C vibrational transitions. The spectral properties of the ICAB derivatives are

summarized in Table 1.

Table 1. Emission (Aey), excitation (Aex) maxima, Stokes shift (Av) and quantum yield (®f) of
benzidine (1), ICAB (2), monoMICAB (3) and diMICAB (4) in different solvents.

ex (NM) hem (NM) Stokes shift (Av, cm™) D; (%)
Solvent 1 2 3 4 1 2 3 4 1 2 3 4 2 3 4
Hexane 279 301 313 323 | 373 353 366 357 | 9033 4894 4626 2949 | 76 49 66
Cyclohexane - 302 316 325 - 354 368 360 - 4864 4472 2991 | 66 74 82
Toluene 205 310 323 329|395 371 38 387 | 7857 5304 5187 4555 | 68 59 62

Dichloromethane 286 307 322 336 | 384 390 405 412 | 8923 6932 6365 5490 | 75 85 80

THF 306 319 331 334|394 396 406 408 | 7299 6095 5581 5430 | 78 74 85
Chloroform 305 305 322 331 | 384 398 400 405 ]| 6745 7661 6056 5520 | 20 55 19
Ethyl acetate 285 315 326 330 | 391 397 403 406 | 9512 6557 5861 5672 | 67 63 54
Dioxane 289 315 326 330 | 392 383 395 397 9092 5636 5358 5114 ] 79 77 74
Acetone - 329 325 327 - 407 427 422 - 5825 7350 6884 | 52 55 54
Methanol 281 308 327 333 | 397 419 422 430 | 10398 8601 6884 6774 10 65 15
Pyridine - 325 336 340 - 415 421 422 - 6673 6009 5715 6 3 63
Acetonitrile 286 310 324 333 | 393 410 421 429 | 9520 7868 7111 6720 | 65 88 89
DMF 299 314 335 339|403 423 435 433 | 8631 8206 6862 6404 | 78 49 86
DMSO 292 318 338 340 | 404 424 436 447 | 9494 7862 6650 7040 | 77 72 76
Water 281 298 305 315 | 401 457 458 417 | 10650 11675 10953 7765 | 0.88 0.87 1.6

In acetone and pyridine it was not possible to determine the fluorescence parameters due to
the excitation and emission at low wavelengths overlapped with those of the solvents. It can
be concluded from the table, that the Stokes shifts increase with solvent polarity, however
quantum yields do not seem to follow any trend. In water the fluorescence of all compounds
are almost completely quenched which can be important for future applications such as

biolabeling.
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Figure 3. Visible fluorescence of ICAB (top), monoMICAB (middle) and diMICAB
(bottom) in solvents with increasing polarity (hexane, toluene, dichloromethane, THF,
1,4-dioxane, acetone, acetonitrile, pyridine, DMF and DMSO) excited at A=365 nm.

All solutions have the same concentration: 0.056 g/L

In Figure 3 it can be clearly seen that while ICAB has visible emission only in highly polar
solvents (DMF, DMSO), monoMICAB has in half of the ones presented, and diMICAB has
almost in all of them (except for the most nonpolar, hexane, and only with low intensity in
toluene). It should be noted, however, that not only the position of the emission maxima, but
the width and shape of the emission band have a great influence on the visible color as well.
Pictures also well demonstrate the solvatochromic behavior, i.e. the bathochromic shift of the
emitted light with increasing solvent polarity.

Another important phenomenon can be observed, quenching of the fluorescence in pyridine in
the case of ICAB and monoMICAB, which can be explained by the formation of a hydrogen-
bonded complex between the free N-H hydrogen on the fluorophore and a pyridine molecule,
as it is discussed in details in the Supporting Information.

For the quantitative description of the solvent-dependent behavior of the solvatochromic

fluorophores three models were applied. The Lippert-Mataga theory which only investigates



the correlation between the Stokes shift and the orientation polarizability proved to be the less
applicable to our fluorophores, as it can be seen on the plots in the Supporting Information.

The Kamlet-Taft theory provides a more suitable model, since it takes not only solvent
polarity into consideration, but the acidity, basicity and polarity/polarizability of the solvent,
by a multiparameter equation, giving more efficient quantitative treatment of solvent effects.
However the most recent Catalan model considers the dipolarity and polarizability as two
separate parameters (Equation 7.). Applying the Catalan model a better regression can be

obtained in some cases, than with the Kamlet-Taft model.

Y=Y, +aSA +bSB+sSP +tSdP, (7)

where Y is the property of the substance of interest (emission maximum, Stokes shift, and so
on) in the absence of solvent, for example, in the gas phase. SA is the quantitative empirical
measure of the ability of bulk solvent to act as a hydrogen-bond donor towards a solute. SB is
the quantitative empirical measure of the ability of a bulk solvent to act as a hydrogen-bond
acceptor or electron-pair donor towards a solute, forming a solute-to-solvent hydrogen bond
or a solvent-to-solute coordinative bond, respectively. SP and SdP are the solvent
polarizability and dipolarity parameters, respectively, determined using reference dye
molecules. a, b, s and t are the corresponding coefficients and their inclusion in the equation
indicates the dependence of the property under investigation upon the respective solvent

parameter.
By applying Equation 7 for the emission wavenumber at the maximum (T/em’max) and the

Stokes shifts (Al_/) and by using the corresponding SA, SB, SP and SdP values of the solvents

(these values used in this study are given in the Supporting Information), the Catalan

coefficients for v em,max and A v can be obtained by multilinear regression analysis. The values

of the coefficients obtained by multiregression analysis are summarized in Table 2. For better

visualization, the measured values of T/em,max and Avof ICAB are plotted in Figure 4 as a
function of their corresponding values calculated by Equation 7. The corresponding plots of

the methylated compounds are presented in the Supporting Information.
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Figure 4. Plots of the measured and calculated emission maxima (a) and Stokes shift (b)

for ICAB obtained by the Catalan equation

Table 2. Solvent-independent correlation coefficients bgsa, csp, dsp and eggp of the Catalan
parameters SA, SB, SP and SdP, respectively, solute property of the reference system (v
em.max)0, correlation coefficient (r) and number of solvents (n) calculated by multiregression

analysis for the solvatochromism of compounds 2, 3 and 4. The values were taken from ref.

[24]
( emmax)o asa bsgp Ssp tsap r n
Comp. (cm™)
2 35059£1591 -32574+807 @ -19594985 -6256+2178  -5316+1748 | 0.956 | 15
3 33345+£1567 -2361+795 -15454970 -5271+2145  -5216+1722 | 0.943 | 15
4 34790£1864 -1496+945 -2909+1154 -7299+2551 @ -4602+2048 | 0.927 | 15

As seen in Figure 4 and Table 2 a good correlation between the measured and the calculated
values were found. All regression coefficients of the fitted lines were above 0.92 and no
cross-correlation between the fitted parameters were found.

Very similar results were obtained using the Kamlet-Taft theory, as it can be seen in the

Supporting Information.

13



4.2. Fluorescence quenching with pyridine

In addition to detect local polarity, the fluorescence quenching properties of a fluorophore
greatly affect its practical applicability for example in protein conformation investigation.
Fluorescence quenching offers an easy to perform nondestructible method in protein
characterization which requires only a small sample. We demonstrated in our previous paper,
that amino-isocyanonaphthalenes (ICANs) with free N-H hydrogens do not show the same
behavior as other aromatic amines extensively studied by Mataga and coworkers [25,26].
While the latter compounds show strong fluorescence quenching in the presence of pyridine
the fluorescence of our ICAN derivatives only decreases at low pyridine concentrations, while
in pure pyridine they become fluorescent again. This unique quenching process is the
consequence of the formation of a fluorescent n-stacked complex with pyridine the amount of
which will increase with pyridine concentration [27]. We wanted to know whether the ICAB
derivatives also show unique quenching or they behave like the majority of aromatic amines.
Therefore fluorescence titration experiments were carried out in cyclohexane-pyridine
mixtures.

The results are presented in Figure 5.

10 ®|CAB
AmonoMICAB

+ diMICAB

I/l

0 I 0,;)2 ‘ 0,l04 ‘ 0,l06 I 0,I08 | 0i1 | O,I12 | 0,114 | 0,I16

[pyridine] (M)
Figure 5. Stern-Volmer plots for [CAB (e), monoMICAB ( A) and diMICAB (#) using
pyridine as a quencher. (20 °C, cyclohexane, ¢ = 3.43x10°° M)

14



As can be seen in Figure 5 the fluorescence intensity of ICAB and monoMICAB dropped to
1/10th of the original while that of diMICAB remained virtually unchanged in the presence of
small amounts of pyridine. The Stern Volmer plots of ICAB and monoMICAB reveal an
upward curvature which may be characteristic for simultaneous static and dynamic

quenching. This simultaneous quenching process can be described by equation 8.

I
TO = (I+Kgy [Pyr])- (1+ K, [Pyr]) (8)
where I is the fluorescence intensity in the presence, I, in the absence of pyridine, Ky, is the
Stern-Volmer constant for dynamic (collision) quenching, K, is the formation constant of a

ground state hydrogen-bonded pyridine complex and [Pyr] is pyridine concentration in M.

Table 3. The Stern-Volmer constants K, and formation constants K, of ground state HB
pyridine complexes for the quenching of ICAB and monoMICAB. * determined by parameter

fitting using eq. 8. ° determined using UV-vis titration.

Ksv K. K.

M)’ M) M™)°
ICAB 23.8£0.9 6.5+0.4 251
monoMICAB  18.0+0.7 5.5:0.4 1£1

The equilibrium constants of equation 8 were determined by parameter fitting on the curves of
Figure 5 and are listed in Table 3. A very good agreement between the calculated and
experimental data can be observed. The constants could be obtained with a relatively low
error and their value turned out to be independent on the initial values used for parameter
fitting. The K, values were also determined from the data of UV-vis titrations with pyridine as
is demonstrated in detail in the Supporting Information. It is clear from the data of Table 3
that ICAB has higher constants for both dynamic and static quenching (Ksy=23.8+0.9 M and
K,=6.5+0.4 M) compared to those of monoMICAB (Kg,=18.0+0.7 M and K,=5.5+0.4 M"). It is
not surprising considering the central role of the NH hydrogen in the quenching process.
ICAB has two free NH hydrogens, while monoMICAB only one, therefore the probability for
the interaction between ICAB and pyridine is higher than in the case of monoMICAB.
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4.3. Quantum Chemical Calculations

Density Functional Theory was employed to calculate the structures, dipole moments and
electronic spectra of the fluorophores in both their ground (GS) and the first excited (ES)
states. The obtained dipole moments (ugs= 8.4 D, pgs= 19.7 D) were higher than in the case
of the previously studied naphthalene derivatives (ugs= 8.23 D, pugs= 14.96 D for ICAN), as

expected.
& - @=35° @=3°
J

117 pm — 139 pm 18pm ——— 142 pm
138pm ———— 135 pm
136 pm
147 pm 142 pm
138 pm

136 pm

138 pm 135 pm

140 pm i 142 pm

Figure 6. Calculated structural parameters for ICAB in the ground (left) and in the first
excited state (right)

It is clearly visible in Figure 6, that the GS of ICAB have a twisted structure characteristic of
biphenyl systems with a relatively large dihedral angle (¢= 35° for ICAB). This effect
decreases the delocalization between the two aromatic rings. In the excited state the molecule
becomes planar which is accompanied by a change in the bond lengths. This contraction along
the symmetry axis of the molecule means that the coupling between two © systems (the two
substituted rings) is stronger.

The structures of monoMICAB and diMICAB are similar to ICAB: dihedral angles in both
the GS and ES become slightly lower while the bond lengths are almost the same. The better

solvatochromic behavior of the methylated derivates can be explained by its better electron
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donating ability due to better charge separation. It is further supported by the fluorescence
spectra calculated in DMSO (Figure 7), where the position of the maxima are in very good
agreement with the measured ones, 424 nm for ICAB, 436 nm for monoMICAB and 447 nm
for diMICAB.

70000 A
e | CAB X
60000 -
monoMICAB ex
50000 A diMICAB ex
ICAB em
< 40000 A monoMICAB em
=]
5 ——diMICAB em
Q. \
w 30000 -
20000 4
10000 - /
0 T L] T T L} 1 1
200 250 300 350 400 450 500 550 600

Wavelength (nm)

Figure 7. Calculated (M06/TZVP) UV-Vis absorption (ex) and emission (em) spectra of
the ICAB derivates in DMSO.

The error is probably due to "polarized medium" approach of the software used, which

considers only the polarity of the solvent, but not the specific solute-solvent interactions.

4.4. BSA labeling

One of the most important practical applications of solvatochromic dyes is the labeling of
biomolecules to make them traceable by for example fluorescence microscopy. Since the
fluorescence of our ICAB derivatives is almost completely quenched in water (¢g~0.9-1.6 %)
and they show intense fluorescence in nonpolar solvents, a significant increase in luminosity
is expected when they noncovalently bind to the hydrophobic domains of a lipid and/or
protein molecule. For the experiments bovine serum albumin (BSA) was selected since it is
extensively used as model compound for protein labeling. To study the applicability of our
dyes in biolabeling 10 pL acetonitrile stock solution (0.20 mg/mL) of the ICAB derivatives
were added to 3 mL aqueous BSA solutions in the concentration range of (3.43x10°-3.43x10"

> M), where the BSA concentration was increased in 10 equal steps. The spectral changes
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occurred after mixing our fluorophores with BSA are summarized in Table 4 and in the case

of diMICAB in Figure 8.

Table 4. Wavelengths of maximal excitation Ay.x(€X) and emission Ay.x(em) in the absence
and in presence of BSA, the jump in intensity and binding constants for the ICAB derivatives
for their complexation with BSA. The intensity increase is given relative to the pure aqueous
solutions of the dyes. *For the determination of the binding constants the wavelengths at

maximum intensities Aymax(em) (BSA) were used.

Amax(€m) | Apax(em) Amax(€X) Amax(€X) Intensity | Intensity K*M")
(H,0) (BSA) (H,0) (BSA) increase increase
(nm) (nm) (nm) (nm) (1 eq. (10 eq.
BSA) BSA)
ICAB 457 405 298 314 13 70 3.8x10"+5.7x10°
monoMICAB 458 409 305 335 43 170 6.0x10"+3.9x10°
diMICAB 417 409 315 347 32 188 2.3x10"+3.2x10°

1200 TTT g e
——diMICAB in [BSA]=0.0343 mM [BSA]=3.43"10"M
] -diMICAB in [BSA]=0.00343 mM
*diMICAB in water

800 A

monoMICAB

SAJ=3.43% 1
ol [BSA]=3.43%10M

400 A

Fluorescence intensity (a.u.)

monoMICAB
diMICAB

= s T T T T T T T T T T T T I- - -I -'I - ’I L} I- - i T L > n T
360 380 400 420 440 460 480 500 520 540
A (nm)

Figure 8. A demonstration of the spectral changes following the complexation of
diMICAB with BSA in water. The photographs show the aqueous solutions of ICAB
derivatives illuminated by A=365 nm UV-light after the addition of BSA.
([ICAB]=3.43x10° M, [monoMICAB]=3.20x10° M, [diMICAB]=3.00x10"® M, 25 °C)
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An immediate increase in the fluorescence intensity was observed in each case even in the
most dilute BSA solutions. The intensity further increased upon increasing the amount of
BSA and an approximately 190 fold increase in the case of diMICAB could be observed
where the molar ratio of the fluorophore and the BSA was ~1:10. The spectral changes in time
were also monitored; the jump in intensity appeared instantly after mixing the dye with BSA
and only a few percent decrease within 5 minutes at 25 °C could be observed. After that, the
spectra of the complexes remained unchanged for at least 24 hours. We assume that the
instantaneous characteristic of the reaction excludes the post-adsorption conformational
changes, a direct probe-surface contact is more probable. This probe-surface contact was also
followed by a considerable blue shift of the emission maximum indicating a less polar
environment around the fluorophores. The hypsochromic shifts were Akmaxem=52 nm, 49 nm
and 8 nm for ICAB, monoMICAB and diMICAB, respectively. An inverse effect for the
excitation maxima for the complexed dyes could be observed, however to a lesser extent and
in a reversed order when compared to the changes in emission. Namely the bathochromic
shifts measured for ICAB, monoMICAB and diMICAB were Almaxex=16 nm, 30 nm and 32
nm, respectively. It should be noted that the excitation bands of the complexed fluorophores
separate largely from that of the uncomplexed BSA. Using these excitation maxima no
fluorescence signal of the BSA could be observed as can be seen on the titration spectra
presented in the Supporting Information as Figures S9-11. The binding constants for the
probe-BSA complexes were determined by data fitting on the fluorescence intensity versus
BSA concentration curve. The fitted curves along with the experimental plots are presented in
Figure 9a. Eq. 5. was derived assuming 1:1 complexation between the probe and BSA and
based on the very good fit of the calculated curves the formation of other complex species in
considerable amount can be excluded. This assumption was further supported by the
linearization of eq. 5 as presented in Figure 9b. In each case the experimental data could be fit
linearly resulting parameters in very good agreement with the calculated ones. The binding
constant determined fluorometrically were KICAB-BSA:3-8X104:|:5-7X103 M'l, KinonoMICAB-
Bsa=6.0x10*£3.9x10° M and Kaimican-nsa=2.3x10*£3.2x10° M. These constants are in the
order of the ones determined in previous studies for 6-propionyl-2-(N,N-

dimethylamino)naphthalene (PRODAN) and 1-(anilino)naphthalene-8-sulfonate (ANS) [11].
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Figure 9. (a) Variation in relative fluorescence intensity of ICAB (3.43x10° M),
monoMICAB (3.20x10°° M)and diMICAB (3.00x10° M) with concentration of BSA
in the range 3.43x10° to 3.43x10” M in water at 25 °C. Excitation wavelengths were

314 nm, 335 nm and 347 nm respectively. The solid curve represents the best fit of the

data using eq. 5. (b) linearization of eq. 5.

To get a deeper insight into the nature of the complexation of ICAB derivatives with BSA,
time-resolved fluorescence lifetime measurements were carried out for all ICAB derivatives
in the presence and absence of BSA in water. 3 uM samples of the fluorophores were excited
at 355 nm and the emission intensity was collected between 370 and 500 nm with a resolution
of 10 nm. The experiments were repeated in acetonitrile and ethyl acetate with the
uncomplexed fluorophores. These organic solvents were selected to simulate the environment
of the complexed dyes inside BSA and were selected based on the emission maximum
obtained by steady state fluorescence measurements. For example the emission maximum of
ICAB, monoMICAB and diMICAB were 397 nm, 403 nm and 406 nm in ethyl acetate, while
the corresponding values were 405 nm, 409 nm and 409 nm in the presence of BSA.
Fluorescence decay for the BSA complexes and the pure fluorophores in organic solvents
could be fitted to single exponential functions. It should be noted, however, that the lifetimes
in pure water could not be determined due to instrumental parameters. They turned out to be
significantly smaller than the length of the laser impulse used for excitation.

The lifetimes (1) of the excited states in different solvents and in aqueous BSA solutions are

listed in Table 5.
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Table 5. The lifetimes of the excited states (1) determined as the reciprocal of the decay rates
(k) in different media. *The lifetimes in water were too short to be determined using the
current instrumental setup. The error in the measurements of T values were within +£10%.

T (ns)
Solvent ICAB monoMICAB diMICAB
Water N/A* N/A* N/A*
10 eq. BSA (aq) 2.1 2.1 2.4
Ethyl acetate 1.7 1.4 1.7
Acetonitrile 2.0 1.8 1.9

It is evident from the data that the lifetimes of the BSA-complexed ICAB derivatives are
virtually the same and are approximately 2 ns. The increased lifetimes compared to those in
pure water refer to a less polar environment around the complexed dye molecules and can be
explained by the less pronounced dynamic quencing effects of the water molecules. These
results are in good agreement with the ones obtained for organic solvents and are in line with
the results of the steady state fluorescence experiments. The time resolved fluorescence
spectra extracted from the fluorescence decay data at different times are also closely matched
with the steady-state fluorescence spectrum as is presented in Figure 10 for BSA-complexed
diMICAB in water, at dye:BSA molar ratio of 1:10. The spectra for the other complexed

derivatives are presented in the Supporting Information as Figure S8.
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Figure 10. Time-resolved and steady-state fluorescence spectra of diMICAB (3.00x10°
M) in the presence of BSA (3.43x10” M) in water at 25 °C. Curves with circles

represent the time-resolved spectra recorded at At = 1.0 ns intervals. The solid curve
represents the steady-state fluorescence spectrum.

5. Conclusions

4-amino-4'-isocyanobiphenyl (ICAB) and its mono-and dialkylated derivatives (monoMICAB
and diMICAB) were prepared starting from the easily available benzidine. Not as the starting
material benzidine, all three compounds showed enhanced positive solvatochromic properties
similar to that of our previously introduced dye: 1-amino-5-isocyanonaphthalene (ICAN). The
solvatochromic range were found to be Aly,x=104 nm (ICAB), 92 nm (monoMICAB) and 90
nm (diMICAB), respectively. All three products showed intense fluorescence with good
fluorescence quantum yields in most solvents (O = 0.88 in water to @ = 0.89 in acetonitrile,
the highest yields were obtained in the case of the dimethyl derivative). The emission
maximum for the mono- and dimethylated derivatives is located in the blue region of the
visible spectrum in most solvents; however this is only true for ICAB in the most polar
solvents. Fluorescent properties varying with the solvent polarity could be well described by
both the Kamlet-Taft and Catalan equations. High-level DFT calculations revealed the

nonplanar structures of the molecules, which is probably due to the single bond character of
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C1-C1’. The free rotation between the two aromatic rings can be the explanation for the lower
emission wavelengths compared to ICAN.

Fluorescence quenching by pyridine was observed in the case of molecules having free
hydrogens on the amino group. Their Stern-Volmer quenching plots exhibited an upward
curvature which is characteristic for simultaneous static and dynamic quenching. The Stern-
Volmer constants and the formation constants of the ground state pyridine complexes were
determined by multilinear regression analysis. ICAB has higher constants for both dynamic
and static quenching (Kg,=23.8£0.86 M™and K,=6.55+0.39 M™") compared to those of
monoMICAB (Kgy=18.0£0.74 M'and K,=5.51+0.38 M").

The practical applicability of all three compounds in the field of biolabeling was demonstrated
by their complexation with bovine serum albumin (BSA). Since their fluorescence is almost
completely quenched by water, even on the addition of small amounts of BSA resulted in up
to 190x increase in their fluorescence intensity. In addition, the increase in luminosity was
accompanied by a blue-shift of their emission maximum, Aky.x=52nm, 49 nm and 8 nm for
ICAB, monoMICAB and diMICAB, respectively. The binding constants for the BSA-
fluorophore complexes were determined fluorometrically and were found to be Kjcap.
sa=3.8x10*£5.7x10° M,  Kmonomicanpsa=6.0x10"43.9x10° M and  Kaimcas-
Bsa=2.3x10*£3.2x10° M™".

Time resolved fluorescence measurements showed an increased lifetime for ICAB derivatives
dissolved in aqueous BSA compared to those of in pure water. The BSA-complexed lifetimes
were approximately 2 ns for all the 3 ICABs and were found to be very close to those of
recorded in organic solvents (acetonitrile, ethyl acetate) used for modeling the local

environment of the bound dyes in BSA.
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