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1. Absorbance and fluorescence spectra
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Figure S1. Absorbance (A, C) and fluorescence emission (B, D) spectra of BP-PH-8M and
BP-PH-CF3 in solvents of different polarity. Recorded spectra of BP-PH-8M and BP-PH-CF;

show very small solvatochromic shifts.



2. Quantum chemical calculations

BP-PH-CF, BP-PH-OMe BP-PH-8M

Figure S2. Density functional theory (DFT) optimized structures of BP-PH-CF3, BP-PH-OMe,
BP-PH-8M. Displayed geometries are of the ground state (So), as well as the two local
minima of the first excited state (Si) at © = 45° dihedral angle (Si,m), and at 6 =0° (S1,)
reachable after crossing an activation energy barrier.

DFT results show that the geometries of trifluoromethyl- and methoxy-substituted
molecules are very similar. The dihedral angle 6 (between BODIPY core and meso-phenyl) is
around 45° before (So) and right after (S1,m) excitation. B-phenyls are planar, which results
in an increased molecular conjugation along with red-shifted absorption and fluorescence
spectra compared to unsubstituted BODIPY.

BP-PH-8M results are completely the opposite: The dihedral angle 6 before excitation (So) is
around 90° and slightly decreases to 75° after excitation (S1,m). B-phenyls are rotated out of
conjugation due to the steric hindrance caused by methyl groups. This explains the smaller
red-shift of absorption and fluorescence spectra.
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Figure S3. Values of highest occupied molecular orbitals (HOMO) and lowest unoccupied
molecular orbitals (LUMO) for individual trifluoromethyl- (green), hydrogen- (red),
methoxy- (purple) substituted B-phenyls (on the left), BODIPY together with substituted
B-phenyls (in the middle), and pure BODIPY (grey, on the right).

Calculations show that LUMO of a resulting molecule barely depends on LUMO of a
substituent due to a significant energy gap. In contrast, a closer energy match between
the HOMO of the unsubstituted BODIPY and the B-phenyl substituents results in a higher
HOMO level and stronger red-shift of absorption and fluorescence wavelengths, most
evident for BP-PH-OMe conjugate.



3. Temperature and viscosity sensitivities

A

Lifetime (ns)

@]

Lifetime (ns)

m

Lifetime (ns)

1.0

©
©

I
©

o
3

0.5

4.4
4.2
4.0
3.8
3.6
3.4
3.2
3.0
2.8

1.7

1.6

1.5

1.4

13

m BODIPY-C,,
. —— Fit

4 1 1 1 1 1 1
280 290 300 310 320 330

340 350
Temperature (K)

m BP-PH-CF,
—— Fit

290 300 310 320 330 340

Temperature (K)

280

® BP-PH-OMe
Fit

290 300 310 320 330 340
Temperature (K)

280

B

4.4
4.2
4.0

3.8

Lifetime (ns)

3.6

3.4

W)

3.6
34
3.2
3.0
2.8

Lifetime (ns)

2.6
2.4
2.2

m BP-PH-8M
Fit
L .
280 290 300 310 320 330 340
Temperature (K)
280 290 300 310 320 330 340 350

Temperature (K)



Figure S4. Fits of temperature-dependent lifetimes of BODIPY-Ci0 (A), BP-PH-8M (B), BP-
PH-CFs (C), BP-PH (D), and BP-PH-OMe (E) in toluene. Equation (S1) was used as a fitting

function:

T= : Ea) ’ (51)

(-%f

Kx+Knrmaxe

where 7 is fluorescence lifetime, k,, —the sum of radiative and all temperature-independent
non-radiative decay rates leading to the relaxation from the excited state, ky; ;max — is @
maximum temperature-dependent decay rate, E, — activation energy barrier, k —
Boltzmann’s constant, T — temperature. The obtained fitting parameters are displayed in
Table S1. The obtained barrier heights match the theoretically calculated ones very well

(Figure 3B, main text).

Table S1. Obtained fitting parameters from the fits in Figure S1.
Derivative kx (ns?) | Knr,max (ns?) Ea (eV)
BODIPY-C1o 0.2 97 0.12
BP-PH 0.2 75 0.17
BP-PH-8M 0.21 411 0.26
BP-PH-CFs 0.19 75 0.18
BP-PH-OMe 0.49 43 0.14
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Figure S5. Viscosity-lifetime dependences of BODIPY-Cio, BP-PH-8M, BP-PH-CF3, BP-PH
and BP-PH-OMe fitted using Forster-Hoffmann equation [1,2]:
T = Cn*,
(S2)
where T is fluorescence lifetime, 7 is viscosity, C and x are constants. The constant x

approximately shows the degree of sensitivity to viscosity.

Black lines represent the linear fits with the corresponding constants x written next to

them.



4. Estimating a required E, for temperature or microviscosity

probes. Calculations and derivations of expressions.
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Figure S6. Simulated time-resolved fluorescence decays, when the ratio T,I:oo/r,]:O is
equal to 2 (A), 10 (B), and 50 (C). The fluorescence decays of a viscosity probe would
progressively get longer with increasing viscosity (white arrow in Fig.S6A) until the
maximum possible lifetime is reached, which was set to 10 ns for the simulation.
Tp=w/Ty=o effectively determines the dynamic range of the viscosity sensor. If it is too
low, the fluorescence response of the probe at the lowest viscosity barely differs from
the one at the highest, as in A). In contrast, a high ratio would lead to the large difference
in fluorescence response at different viscosities as in C), which is desired for a fluorescent

viscosity probe.
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Figure S7. Tnzoo/‘l,'n=0 dependency on the energy barrier for non-radiative relaxation (Eq).
Curves for two different T,,4x/Tmin ratios are shown — 100 (A) and 2500 (B). We set
Tp=w/Tp=0 = 5 as the minimum sufficient dynamic range for a viscosity sensor. On the
other side, the dynamic range when t,,_.,/7,-o > 50 becomes difficult to exploit, as a
typical maximum lifetime for a fluorophore is 10 ns [3], while the time resolution for
fluorescence lifetime imaging microscopy (FLIM) setups is usually close to 0.2 ns [4]. If the
ratio T,7=oo/rn=0 is above 50, such viscosity probe would be suitable for high-viscosity
environments only, as its fluorescence lifetime at moderate-viscosities will be below the
time resolution of typical FLIM setups. Therefore, the area shaded in blue shows a region
where the activation energy barrier height is sufficient for a fluorophore to be an
applicable viscosity sensor. The area shaded in red shows E, values that would lead to a

viscosity sensor for high-viscosity environments only.
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Figure S8. Visual scale for BODIPY-based rotors, their activation energy and possible
sensing properties when the ratio 7,4,/ Tmin is €qual to 100 (A) and 2500 (B). Visualised
in colour (from left: light grey — high-viscosity sensors, sky blue — moderate-viscosity

sensors, red — temperature sensors, dark grey — poor sensors).

Figure S8 shows that when the T,,4,/Tmin is very low (100), it is not possible to create
temperature sensor. This would be the case if there are very significant changes in the
molecular geometry during the temperature-dependent non-radiative relaxation. This
would make the relaxation slow leading to a large 7,,;,. Moreover, creating a viscosity
probe becomes a very hard task because of the limited range of activation energy barrier
values. If the ratio is very high (2500), i.e. molecular geometry changes little during

relaxation, it becomes easier to create a viscosity probe as well as a temperature sensor.



Derivation of Equation (4)

Equation (S3) shows how fluorescence lifetime depends on viscosity and temperature:

_ 1 _ 1
T= : Eg = e (53)
e kKT+k,+k e kT+
T Cn*+Tmin Tmax

cn*+

knrmax

where 7 is a fluorescence lifetime, n — dynamic viscosity, C and x — constants, E;, -
activation energy for non-radiative relaxation, ky, n4 — non-radiative decay constant at
zero viscosity and infinite temperature, k — Boltzmann’s constant, T — temperature in
Kelvin, k,. — radiative decay constant, k, — the sum of any other rate viscosity- and
temperature-independent constants that lead to the population loss from the fluorescent
state, T,in and Ty,q, — Minimal and maximum possible fluorescence lifetimes of the probe,

respectively.

Thus, the fluorescence lifetimes at room temperature and at zero and infinite viscosity (7, -

and T,_, respectively) are as follows:

1 1
T = =
n=0 E E !
1 e_# n 1 1 -7 n 1 (S4)
Co* + min Tmax Timin Tmax
_ 1 __ 1 _ (s5)
T77=°° E - = Tmax -
1 - 0+ 1
e kT
Coo* + Tmin + Tmax Tmax

Then the ratio Tnzoo/rnzo, which corresponds to the dynamic range of a viscosity probe, is

equal to the following:

T 1 E, 1 T By
n :Tmax-(_'e kT+—>:ﬂ-e kT 4+ 1. (56)

Tn=0 Tmin Tmax Tmin



Temperature sensitivity dependence on E.. Formula derivation.

The applicability of temperature sensor can be evaluated by calculating temperature
sensitivity s of the probe. The bigger the change of the lifetime with respect to the
temperature change, the more sensitive is the probe. Such sensitivity can be expressed by

the following expression:

__ot/oT
s = — == 100%, (57)

T

here dt — change in fluorescence lifetime, dT — change in temperature, T — fluorescence

lifetime.

0
Starting with Equation (S3), a—; can be written as:

1
0 T g
ot _ knr,maxe KT + ky _ knr,maxe_k_T Eq (S8)
T oT B 2

Ea
T?k - (knr,maxe_ﬁ + kx)

where A is a constant, E, — activation energy, k — Boltzmann’s constant, T — temperature
in Kelvin, k, —the sum of any other rate constants that lead to the population loss from the

fluorescent state.

Combining Equations (S7) and (S8) gives:
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5. The Cartesian (XYZ) coordinates of the optimized ground and

excited states for BP-PH-CF;, BP-PH-OMe, and BP-PH-8M

BP-PH-CFs
So
N -1.239169 -1.285018 0.124901
C -2.508369 -1.684974 0.081067
C -3.378544 -0.566389 0.017786
C -2.555005 0.559279 0.035924
C -1.216636 0.103788 0.088741
C 0.731354 3.019869 0.989044
C 0.738417 4.411323 0.935981
C 0.043410 5.077643 -0.073638
C -0.665424 4.349178 -1.029359
C -0.688900 2.958047 -0.973172
C 0.011718 2.282641 0.036995
C 0.000431 0.805910 0.098763
C 1.214607 0.100154 0.146595
C 2.550559 0.548602 0.022477
C 3.371499 -0.579248 0.026980
C 2.500542 -1.692565 0.149175
N 1.234612 -1.286297 0.220426
F 0.028305 -3.257735 -0.493327
B -0.010602 -2.204643 0.407549
F -0.067904 -2.667331 1.716707
H -2.753044 -2.744245 0.126754
H -2.862009 1.600675 0.000572
H 1.262318 2.495789 1.784938
H 1.287687 4.977256 1.688719
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6. Synthesis and NMR spectra of BP-PH-OMe, BP-PH-CF; and BP-
PH-8M

Reaction scheme

i for BP1 |
ii for BP2

R F F R

BP-PH-OMe R=R,=H, R;=OCH,,
BP-PH-CF; R=R,=H, R;=CF;,
BP-PH-8Me R=CHj, Ry=H, R,=CH,

Reagents and conditions: i — NIS, CH,Cly; ii —ICI, MeOH/CHCly; iii - arylboronic acid,
Pd(OAc),, 2-biPhPCy,, K3POs, toluene, argon, 60 °C, 24h.

Compound BP1 [5] was synthesized as previously reported. Compounds BP2 [6] and BP4 [7]

were synthesized using known procedures.

BP3
A methanolic solution of ICl (1.25 mmol, 5 eq.) was added to BP1 (67.0 mg, 0.25 mmol)

previously dissolved in 10 mL CH;Cl; and 10 mL MeOH. The reaction mixture was refluxed
(65 °C) and followed by TLC monitoring until complete consumption of the starting material.
A saturated solution of sodium thiosulfate was added, followed by extractions with CH,Cl,.
The organic layer was washed with H,0 and brine and dried over Na;SOa. Purification on
silica column chromatography using a gradient of toluene/petroleum ether (30/70 to
50/50), followed by precipitation in CH,Cl,/EtOH under reduced pressure afforded the bis
iodinated BP3 as a green metallic powder (110.0 mg, 87%), mp 249-250 °C. 'H NMR (CDClz):
& (ppm) = 7.92 (s, 2H), 7.66-7.52 (m, 5H), 7.13 (s, 2H). 133C NMR (CDCl3): & = 148.52, 137.69,
136.05, 133.00, 131.50, 130.43, 130.35, 128.84, 128.83. 1B NMR (CDCl3): 8 =-0.31 (t, J =28.2
Hz). 1°F NMR (CDCl3): 8 = -144.68 (g, J = 30.1 Hz).



General procedure for the synthesis of compounds BP-PH-OMe, BP-PH-CF; and BP-PH-
8Me.

To a solution of BP3 (0.115 mmol) or BP4 (0.052 mmol), corresponding arylboronic acid (2,4
eq.), KsPOs (4.8 eq.), 2-biPhPCy; (10 mol%) in toluene (2 mL) Pd(OAc). (5 mol%) was added
under an argon atmosphere. The mixture was heated at 60 °C for 24 hours, and then cooled
to room temperature. Water (10 mL) was added and the mixture was extracted with CHCl3
(2x20 mL), the combined organic layers were dried over Na;SO4 and concentrated under
reduced pressure. Residue was purified by column chromatography using CHCls-petroleum

ether (2:1) as an eluent.

BP-PH-OMe. Green crystals, yield 82%, mp 225-226 °C. *H NMR (CDCls): 8 (ppm) = 8.03 (s,
2H), 7.46-7.39 (m, 5H), 7.26 (d, J = 8 Hz, 4H), 6.80 (s, 2H), 6.72 (d, J = 8 Hz, 4H), 3.63 (s, 6H).
13C NMR (CDCl3): & = 159.26, 145.65, 141.72, 135.80, 134.09, 133.99, 130.70, 130.50,
128.59, 126.67, 125.30, 124.45, 114.39, 55.36. 1B NMR (CDCls): 6 = 0.22 (t, J =28.2 Hz). *°F
NMR (CDCls): & = -145.25 (g, J = 30.1 Hz).

BP-PH-CFs. Violet crystals, yield 98%, mp 315-316 °C. *H NMR (CDCl3): 8 (ppm) = 8.37 (s, 2H),
7.72-7.63 (m, 13H), 7.21 (s, 2H). 3C NMR (CDCls): 8 = 158.20, 147.74, 142.35, 136.01,
135.98, 131.30, 130.48, 128.86, 126.61, 126.03, 125.99, 125.61, 117.70, 113.13. 1B NMR
(CDCl3): & = 0.21 (t, J =28.2 Hz). 19F NMR (CDCl3): & = -62.52 (s), -144.99 (q, J = 26.3 Hz).

BP-PH-8Me. Bright rose crystals, yield 95%, mp 274-275 °C. *H NMR (CDCls):  (ppm) = 7.52-
7.51 (m, 3H), 7.40-7.38 (m, 2H), 6.97 (s, 2H), 6.81 (s, 4H), 2.57 (s, 6H), 2.35 (s, 12H), 1.34 (s,
6H). 13C NMR (CDCls): & = 154.22, 141.83, 139.06, 138.10, 137.73, 135.56, 133.57, 129.17,
128.94, 128.70, 128.11, 127.92, 125.11, 21.32, 13.42, 12.79. 1B NMR (CDCl3): 8 = 1.01 (t, J
=32.1 Hz). °F NMR (CDCl3): & = -146.1 (q, J = 32.8 Hz).
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Figure $14. 3C NMR spectrum of BP-PH-OMe.
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Figure $15. !B NMR spectrum of BP-PH-OMe.
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Figure S16. °F NMR spectrum of BP-PH-OMe.
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Figure $17. *H NMR spectrum of BP-PH-CFs.
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Figure $18. 3C NMR spectrum of BP-PH-CFs.
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Figure $19. B NMR spectrum of BP-PH-CFs.
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Figure $20. °F NMR spectrum of BP-PH-CFs.
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Figure S21. 'H NMR spectrum of BP-PH-8Me.
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Figure S22. 3C NMR spectrum of BP-PH-8Me.
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Figure $23. !B NMR spectrum of BP-PH-8Me.
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Figure S24. °F NMR spectrum of BP-PH-8Me.
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