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1. Synthesis and analysis of SW-1 and SW-2

The 1,2-Bis(2-methyl-1-benzothiophene-1,1-dioxide-3-yl)perfluorocyclpentene (SW-1) and its
phenyl derivative, 1,2-bis(2-methyl-6-phenyl-1-benzothiophene-1,1-dioxide-3-
yl)perfluorocyclopentene (SW-2) in figure 1 were synthesized by adapting published
procedures. The respective non-oxidized forms were synthesized by elimination reactions of
perfluorocycloalkenes with organolithium compounds as described in.? For obtaining SW-1
with methyl and SW-2 with ethyl substituents, oxidation using H202 was adopted.? For
obtaining the phenyl derivative SW2, the oxidized compound, 1,2-bis(2-ethyl-1-
benzothiophene-1,1-dioxide-3-yl)perfluorocyclopentene was first iodinated as shown below
followed by a Suzuki-Miyaura coupling reaction using the 6,6"-diiodo derivative and

phenylboronic acid.

1,2-Bis(2-methyl-1-benzothiophene-1,1-dioxide-3-yl)perfluorocyclpentene SW-1

H,0, 50%

CH;COOH

/,SQ‘ /S\
. o O oo
Chemical Formula: Co3H14FgS» .

Molecular Welght 468,48 Chemical Formula: C23H14F60452

Molecular Weight: 532,48

Synthesis: Weigh 1,2-bis[2-methylbenzo[b]thiophen-3-yl]-3,3,4,4,5,5-hexafluoro-1-
cyclopentenene (0.200g, 0.43mmol) into a 25ml multi-neck flask, add 10ml acetic acid and
heat to boiling point with stirring. Slowly drop in 1ml 50% H,0, and reflux for 48h. Drop the
reaction mixture into 25ml cold water, filter off the precipitate and wash a few times with

water, then dry under vacuum. The product was purified by recrystallization from MeOH and

drying under vacuum: 31% yield, white solid.

Analyses: 1H-NMR (d6-DMSO, 300MHz): d (ppm) 8.18-7.47 (m, 8H), 2.20 (s, 3H), 2.09 (s, 3H).
MALDI: m/z =532 (M+)



1,2-bis(2-methyl-6-phenyl-1-benzothiophene-1,1-dioxide-3-yl)perfluorocyclopentene SW-2

Ar-B(OH);
Pds(bda)s
tricyclohexylphosphine

THF / K,CO; aq

Chemical Formula: CpsH1gFgl004S2
Molecular Weight: 812,32 Chemical Formula: Cs7H26Fs04S2
Molecular Weight: 712,72

Synthesis: Dissolve 1,2-bis(2-ethyl-6-iodo-1-benzothiophene-1,1-dioxide-
3yl)perfluorocyclopentenes (0.5g, 0.616mmol) and phenylboronic acid (0.188g, 1.54mmol) in
33ml THF, add 33ml aq. saturated solution of K,COs., then add Pd2(bda)s (0.1g, 0.11mmol),
then 0.33ml tricyclohexylphosphine (18% in toluene solution). Stir at RT for 20 minutes.
Neutralize with dilute HCI. Extract three times with chloroform, dry the organic phase over
Na,SO,;, remove solvent at the evaporator. Purification was done using column
chromatography (n-Hex/EA 9:1), followed by freeze-drying with dioxane and vacuum drying

for 24h at 80°C. Yield: 49% dark yellow solid

Analyses: 1H-NMR (DioxanD8, 300 MHz): & (ppm) 8.26 (d, 1H), 8.21 (d, 1H), 7.92 (d, 1H), 7.90
(d, 1H), 7.79-7.35 (m, 12H), 2.75-2.42 (m, 4H), 1.45-1.35 (t, 3H), 1.10-1.00 (t, 3H), Molecular
weight (El): m/z 712 and MALDI: m/z =712 (M*).



2. Saturation effects
The fluorescence signal from the photochromic molecules is directly related to the

populations in the open and closed state, and is given by

F(t)
l420/488 I325

= hv 6420/488,6 ndetcbc Nclosed(t) + hv 77det [0325,c¢chlosed(t) +
420/488 325

(S1)

Here I refers to the laser intensity at the wavelength given by the index, v to the corresponding
I

frequency, h denotes Plancks constant (in fact hv gives the number of photons at the

wavelength given by the index), o to the absorption cross section of the particular

conformation (o for open and ¢ for closed) at that wavelength, ® to the respective

fluorescence quantum vyield, and mge: to the detection efficiency. However, the linear

relationship between the detected emission signal F(t) and the excitation intensity 1420/488
that is assumed in eq. (S1) is only valid as long as saturation effects can be neglected. In order

to test whether saturation effects are relevant we detected the emission intensity from a

distinct spot on the sample as a function of the excitation 1420/488 intensity in the presence of
a fixed UV intensity. For SW-1, I3,5 was adjusted to 3.8 W/cm? and |49 was varied between 5
and 1250 W/cm?. For each data point the sample was illuminated with both lasers for 400 ms
in order to minimize bleaching effects. During this period a series of 7 frames with an
illumination time of 50 ms each was recorded. The average of these frames corresponds to
the signal for the applied l,0, in Fig. S1a. For SW-2, 13,5 was adjusted to 6 W/cm? and l453 was
varied between 12.5 and 1250 W/cm?. For each data point the sample was illuminated with
both lasers for 200 ms, and 5 frames with an illumination time of 30 ms each were recorded.
The average of these frames corresponds to the signal for the applied l4gg, in Fig. S1b. For both

molecules we find a clear deviation from the linear relationship, see Fig. S1.
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Fig. S1. a) Saturation experiment on SW-1. The red curve shows a fit according to eq. (58). To verify that the fluorescence
signal is not limited by a too low UV intensity, the measurement at l,,0= 1250 W/cm? was repeated for I3,:=5 W/cm?
(green). The fit yields a saturation intensity of Is420 = (1733 £534) W/cm? with fit parameters of
a= (7.9 £ 0.9)EMCCDcts ¢m2/0.05) and b = (490.1 + 124.2) EprccDets/50ms. b) Saturation experiment on SW-2.
The red curve shows a fit according to eq. (S8). To verify that the fluorescence signal is not limited by a too low UV
intensity, the measurement at l,55=1250 W/cm? was repeated for I5,5=10 W/cm? (green). The fit yields a saturation
intensity of I5.488 = (2764 +416) W/cm? with fit parameters of = (34.7£1.6) CCDcts ¢m2/0.03) and
b= (98.7 + 215.3) ccpcts/30ms.

At higher excitation intensities the absorption cross section has to be modified to?

I 420488 )
0420/488,c ’

0420/488,c(1420/488) = i ]
4207488 T L5420/488

(S2)

(0)
where 7420/488,c denotes the cross section for low excitation intensities, and 15,420/488 refers

to the saturation intensity of the particular compound. Inserting (S2) into eq. (S1) yields for
the fluorescence signal

F(®)

1420/488 15,4-20/488

_ 0
- hv I +] O-420(/4)88,0 Ndet q)c Nclosed(t) +
420/488 “420/488 $,420/488

1325

hv Ndet [0325,cq)chlosed(t) + U325,oq)0Nopen(t) ]
325

(S3)

Using an effective excitation intensity



I 420488

420488 = 1420/4881

420/488 T I 5,420/488 (s4)
eq. (S3) can be rewritten as
F(t)
el I
488’ 0 325
= hv 04(2()) T’detq)c Nclosed(t) + Fndet [0325,cq)chlosed(t) +
420 355°¢ 325
488
(S5)
Using the abbreviations
0
0420(/4)88,0
a= hv— ndetq)c Nclosed(t)
420/488 (S6)
I35
b= F Ndet [USZS,CQJCNclosed(t) + 0325,oq)0N0pen(t) ]
and 325 (S7)
ed. (S5) has the form
15,420/488
F(l420/488) =@ *Lao/as,efr T b =" Lypg/agg ] + b

420/488 1 15420488

(S8)

The red line in Fig. S1 corresponds to a fit of the data points to eq. (S8). From several

independent experiments on different spots on the sample the averaged saturation intensities
of I5.420 = (1070 +835) W/cm? for SW-1 and I5488 = (2344 1+ 655) W/cm? for SW-2 were

extracted. Hence, using excitation intensities in the range of 1 kW/cm? saturation effects

cannot be fully neglected.



3. Kinetic model

3.1. Simple model
Under the assumption that the total number of photoswitchable molecules is constant during

the experiment the change of the number of molecules in either isomeric state is given by

d
E Nopen(t)
=-k,.N

decay

Open(t) + k., N jpseq(t) = losedconstant: me of cycleon

—=of fluorescence signal
rise

d
== koc Nopen(t) + kco[Ntotal - Nopen(t)] = E Nclosed(t) (59)

where Ngpen and Nepseq refer to the number of molecules in the open and closed state,

respectively, and ko, and k., to the open-to-close and close-to-open conversion rates. This

yields
_ kCO N
open kco + koc total (S]_Oa)
N, o= Foc N
closed — 7, | 7, ' total
and Koc + keo (S10b)
for the steady state populations. The conversion rates can be written as
I35 o
= 0325,
oc h V325 0 oc (Slla)
I420/488,eff o
co hv 420/488,c *'co
420/488 (S11b)

where @ refers to the respective photoconversion quantum yields. For the time intervals of
low fluorescence intensity, denoted as t,, we have I35 = 0, which yields ko = 0, Ngjosed(tiow) =
0, Nopen(tiow) = Niota, and F(tiow) = O (cf. eq. (S5)). Similarly, for time intervals of high
fluorescence intensity, thigh, We find Nejosed(thigh) # 0, Nopen(thign) # 0, and F(thign) # 0, from which

a contrast



C— F(thigh) - F(tlow) _

F(thign) (512)

is deduced irrespective of the excitation intensities, and in disagreement with the

observations.



3.2. Refined model

Under the assumption that only a fraction of the molecules in the closed conformation is
photoactive we define

(hindered) (active)
N closed +Nclosed

Ntotal = — + Nopen
Nclosed (513)
N _ N(hmdered) + N(active)
where " closed — closed closed denotes all molecules in the closed conformation.
— (active)
Using o (N closed T Nopen)/Ntotal for the fraction of the photoactive molecules we find

)
(t) = NOI() + (1-5)N,,,

closed closed

(S14)

Hence, now the number  of  photoactive molecules is  given by

N2 () + Nypen(t) =5 N

total, and eq. (S9) is changed to

d
% Nopen(t)
_ (active) _ .
-k, Nopen(t) + k., N oseq (t) = losedconstant: me of cycleor
decay )
—=of fluorescence signal
rise
— _ d (active)
- k open(t) + k [S Ntotal - Nopen(t)] == —N closed ®)

dt (S15)

Using eq. (515), the steady-state populations of the photoactive molecules at the times tpjg,

are modified to

ti _ ocC
N (?ﬁ)slzg)(tmgh) v 1S Niotal
oc co (S16a)
co
Nopen(thigh) = m 'S Ntotal

and oc co (S16b)

and, given that I35 = 0 and therefore k,. = 0, we find for t,,,,

t

NG (trow) = 0 (S17a)
and Nopen(tlow) =5 Nyiotal (S17b)

From eq. (S14) we find



oc

N osed(thion) = ————S N
losed\"high
closed\"high) ™ e+ k,,

l +(1- S)Ntotal

tota

(S18a)

Nclosed(tlow) = 1=9N¢ppq (518b)

for the total number of molecules in closed conformation, Nclosed, at thigh and tiw. The

fluorescence signal follows from eq. (S5), yet using the new definition for N iosea(t) see eq.
(S14). Taking l3;5 = 0 into account for time intervals of low fluorescence intensity it follows
from eq. (S5)

1420/488,eff

0
ndeta420(/4)88,cq)c(1 =N ¢orar

Fltow) = hv420/488 (519
a)

and for time intervals of high fluorescence intensity it follows

F(thigh)

Lyr0/a88.eff I
_ : (0) oc 325
= o b [—sN + (1-s)N +

h V420/488 Ndet 420/488,¢c C(koc + kco total ( ) total) hv325n

k k
0325 chc ~ S Ntotal +(1- S)Ntotal + 0325 ocDo = S Ntotal
, koc + kco ' koc + kco

(S19b)



4, Calculation of the Contrast

Using the expressions for F(tnign) and F(tjow) (cf. eqgs. (S19a, S19b), the definitions of k.. and k,

cI)C
Y= e
(cf. egs. (S11a, S11b)), and the abbreviations o for the ratio of the fluorescence quantum
5= ﬁ
yields in the closed and open conformation, and Poc for the ratio of the quantum yields

for the light-induced ring-opening and the ring-closure reactions, respectively, the contrast

(cf. eq. (S12)) is obtained as

( I35 )
cl—==2
I420/488,eff
0325, Va20/488 I35 0335,
y o TR, + (1-8)y6—L 45 (y+0)
0420(/4)88_C Vaos  laz0/a88.eff 0325,0
B 0
i ‘7420(/4)88,c !
0325, V420/488 I35 0335, 03325,
y— = iy F(1-s5)y8|—2C °
0420(/4)88,0 Vazs  la20/a88eff 03250 Va20/488 I355
| V325 I420/488,eff|
(S20)
I35
K=__"2
Using I420/488,e

for the (effective) ratio of the number of photons applied in the UV and the VIS spectral range

we can rewrite eq. (520) as

0325, 0325,
y—(o)c K+ (1-s)y$d C+s(y+6)
C( I35 ) B 0420/488,¢ 93250
i = ©)
420/488,eff 0325,¢ 0325 1 94207488,

4 © K+(1-s5)yé +y+sé

o K o
04207488, 325,0 325,0 (522)




5. Calculation of the ring opening rate k.,

For calculating the decrease of the fluorescence intensity upon ceasing the UV illumination

we have to determine the number of photoactive molecules in the open/closed conformation

as a function of time for the time interval (t a thigh). This can be obtained from the solutions

(active)
of eq. (S15) for the initial conditions of Nclosed (thigh) and NOPen(thigh), see eqs. (16a, 16b),
which are
k —kt
ti _ ocC
NGe(t - thigh) = PR Niotar e
oc co (S23a)
_ ti
Nopen(t - thigh) - Ntotal -(@- S)Ntotal - N((cllco.ézg)(t - thigh) (S23b)

In order to take into account also the molecules that are not photoactive in the closed

conformation, eq. (523a) is inserted into in eq. (S14) which yields

_ oc —k. ot
Nclosed(t - thigh) - k +k S Ntotal "€ + (- S)Ntotal
oc co (524)

The corresponding temporal decay of the fluorescence signal is then obtained from eq. (S5)

for I35 =0 as
F(t - tyign)
1420/488 eff k -kt
— ’ (0) o .. . co
= — o d — 5N e +
R V420488 Ndet 9420/488,c P k, +k, total
(1- S)Ntotal
(S25)
Using the abbreviations
Iy20/a88.eff k
_ ' (0) o ..
= NdetT 4207488, P S Nioral
h V420/4-88 ‘ / ‘ ckoc + kco o
1420/488 eff
_ ) 0
d= v Nget0 420(/4)88,ccbc(1 =)Nyorar
and 420/488

eq. (S25) has the form



-k t
F(t—thigh)=ce © +d (526)

Unfortunately, the temporal resolution of the experiment does not allow for a meaningful
analysis of the data for the SW-1 molecules. For the SW-2 molecule, Fig. S2 shows a few
examples for the decrease of the fluorescence intensity as a function of time together with a

fit according to eq. (526).
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Fig. S2. Examples of the decrease of the fluorescence of the SW-2 molecules upon ceasing the UV illumination together

_ -1
with fits (red line) according to eq. (526). a) The fit corresponds to a rate keo=057s . b) The fit corresponds to a rate

k,,=123s""

The examples in Fig. S2 testify that the decrease of the fluorescence is not properly described
by eq. (526). Studies on single photochromic molecules revealed that the rates k., feature a
distribution,* which is reflected in a non-monoexponential decay of the fluorescence intensity
for the ensemble.” Since these distributions can be very broad* we refrained from introducing
more fit parameters as for example using stretched exponentials for fitting, and give only a
very crude estimate of ¢, 103 - 10 for the quantum yield of the ring opening reaction of

the SW-2 molecules.



6. Calculation of the ring closing rate k.

For calculating the increase of the fluorescence intensity upon UV illumination at t = t,,, we

have to determine the number of photoactive molecules in the open/closed conformation as

a function of time for the time interval (t B thW). This can be obtained from the solution of eq.

(active)

(S15) for the initial conditions Nclosed (tlow) and Nopen(tlow), see eq. (S17a, S17b), which

results in
N(active) t_t _ oc N (1 - (koc + kco)t
closed ( - low) Tk +k S Niotal —-€
oc co (527a)
— ti
Nopen(t - tlow) - Ntotal -(@- S)Ntotal - N(cc'llcoézg)(t - tlow) (S27b)

In order to take also the molecules in the closed conformation that are not photoactive into

account, eq. (S27a) is inserted into in eq. (S14), which yields

oc

N osea(t = tiow) = PR
ocC co

total

-(k_ +k )t
5 Nyt (1= ac “')) + (1-5)N
(528)

The corresponding increase of the fluorescence signal as a function of time is then obtained

by inserting eq. (S28) and eq. (527b) into eq. (S5)

F(t - tlow)
_ I355 1420/488,eff (0)
- hv q)cGBZS,c + hv ’ q)ca420/488,c 1- S)Ntotalndet + s Ntotalndet
325 420/488
I I I
325 325 420/488.ef f 0) oc
+|[—b o -——d o -—— b0 ——5S
Vags 0~ 325,0 h Vags c” 325, h V420/488 c~420/488,c koc + kco
"N . L (kco+koc)t
total " Ndet ~ €
(S29)
Introducing the abbreviations
e
I35 I420/488,eff (0)
= hv q)c0325,c hv ) cI)co-420/488,c (1- S)Ntotalndet + s
325 420/488
and
I 1 1
325 325 420/488.eff 0 oc
f=77P03250 "7 P35~ PcO4207488¢[5—7 "5 " Niotar " Ndet
hvs,s " hvgys ’ V420/488 14880k o + kg




eq. (S29) has the form

- (k. +k t
F(t-t,,)=e+fe o o) (530)

Yet, for both types of photochromic molecules the rise of the fluorescence upon UV

illumination is too fast to allow for a quantitative analysis of the data.



7. Calculation of the relative spike intensities
For obtaining a quantitative expression for the relative spike intensities as observed in Fig. 5,

we have to determine the number of photoactive molecules in the open/closed conformation

as a function of the time interval (t- tO), where t, refers to the time where the visible light
applied. Since the UV illumination prior to t, initiates all photoactive molcules in the closed

state this requires to solve eq. (S15) for the initial conditions

Nopen(tO) =0 (S31a)
t
?lcosf]e]fl)(tO) total_ (S31b)
which yields
l -k, +k_ )t
?lcotslzz)(t tO) - ﬁ(koc + kco e ( “ OC) )
t ko, (S32a)

_ ti
tO) - Ntotal -1~ S)Ntotal - N(ac WE)(t - tO)

Nopen(t - closed (S32b)

In order to consider also the non-photoactive molecules in the closed conformation eq. (S32a)

is inserted into eq. (S14), giving

S Niotal (k. +k )t
Nclosed(t - tO) = k—(k +ke ( “ OC) ) +@1- S)Ntotal
co T Ko (S33)
for the number of molecules in the closed states as a function of time after starting the
illumination in the VIS. The corresponding fluorescence signal is then obtained by inserting eq.

(S33) and eq. (S32b) into eq. (S5), and reads

F(t-t,)
I420/488,eff SN, -
» 0 otal ( ( co
= — o ) k +k e
hv420/488 Ndet 420/488,c * ¢ kco+koc oc co
N 1325 .
det
hvgys
S Niotar - (k,, +k, )t
(0325,CCI)C k +k (koc + kco e “ o ) + (@ _S)Ntotal +
co oc
(S34)

For the limiting cases t = 0 and Lo (for t = ) this results in



I I
_ 1420/488.eff ) 325
F(tO) - hv Ndet 0-420/4-88,6 chNtotal + hv ndeta325,c (DcNtotal
420/488 325
(S35)
and
F(te)
Iy30
el O ¢ |sN —k ¢ +@-9N + —1325
= Ndet 9420 c|S Ntotal ~S) N ¢otal Ndet 0-325,c
h v,z 165" Kot ko hvsys
488
(S36)
F(ty)
Using the definitions of k.. and k., see egs. (S11a, S11b), we obtain for the ratio F(ts)
F(ty)
F(t,)
I35 V4z0/488
I335  Vazous8 9325, Lyz0mgserf  Vazs I35 Va0,
RN © [, © vt '
4201488eff V325 O4p0488c) |T420488c 54 I325  Vaz0/a88 4201488eff V3
0325, L4z0a88eff V325
(S37)
cI)C
Y= S
As before o corresponds to the ratio of the fluorescence quantum vyields in the closed
(pCO
§=——
and open conformation, and Poc corresponds to the ratio of the quantum vyields for the
light-induced ring-opening and the ring-closure reactions. Using the abbreviation K, see eq.
(521), we obtain
F(to)
F(t.)
VK 0325,
YTy - ©
_ 420/488,c
K 0325, 0325,0
ys+K-s-|y - +y(1-5s)+K|y(1l-s)—
a..(0) a0 a... (0 o
420/488,c 420/488,c  9420/488,c ,
—6+K
03250

(S38)
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