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The complete mass-conserving quartic model

The quartic model is derived by considering the effects of annihilator species conservation
3o *
while determining the rate of triplet sensitization (ksens[ S lss [A]SS). This model is given by
, . : [34*]
the solution to the following expression for SS:

BISCk k I[S]O

sens "ex

3, 0.25(1 + Bris)krral’A™ 155 0.75kyrs[PA 7155 s
BISCkexI + ksens [A]O - [ A ]SS B ' - * kT
A k+k
ke + kg + kisc 1c T XRisc
3, 0.25(1 + Brisdkrral’A™ 155 0.75kpr,[PA™ 155 A3 4 %
[Aly - A" 155~ —- =krl'A7]
0 ss y ko +k e
ke +kyg + kisc ic l;ISC ;
v025(1 + :BRISC)kTTA[ AT ]SS
+ 125(1 + ﬁRISC)kTTA[3A ]SZS - kISC A '
ket kg + kise
(SD)
Rearranging leads to:
A )55+ @A 155 + asPA IG5 + ayPA s+ ag =0 (S2)

where
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0.25(1 + Brisc)krra

y .
ke +keng + kige

a; = ksens kISC

0.25(1 + Briscdkrra  0.75krry
-1.25(1 + ,BRISC)kTTA)( )

+
v .
ke +kyp+kise  Kict krisc

(S3)
a,
M 0.25(1 + 'BRISC)kTTA 0'75kTTA 0.25(1+ BRISC)kTTA
= - kasens 4 —+ sens| “ISC A —-1.25(1
kﬂ + kyp + kigc kict+ kpisc kﬂ + kyp + Kige
(54)
as

0.25(1 + Brisc)krra

y .
ke +kygp +kisc

=" kﬁksens + (ksens[A]O + BISCkexI + k}g") (kISC -1.25(1 + ﬁRISC)kTTA

¢ 0.25(1 + Brisc)krra N 0.75krr4
0 ,
ke + ke + Kpse kic + Keisc

(S5)
ay = BISCksenskexI[S]O + k?(ksens[A]O + BISCkexI + k;‘) (S6)
and
A5 =— BISCksenskexI[S]O[A]O . (S7)
The general solution to eqn (S2) is cumbersome, but can be represented as:
q
- 48%-2p-=
A -a, ¢ \/ p S
A ee=——+ S+
ss
where
1] 2 1 (Q ADo)
= — — —p —_— _—
2] 3 3a, Q (89)
e J(aD,% - 2aD?)
2 (S10)
2

S4



AD, = 2a33 -9a,a3a, + 270(22a5 + 270(10(42 - 72a 0504 (S12)

q= 3
8ay (S13)

and

8ay _ (S14)

Note that eqn (S8) represents the only real and positive root to eqn (S2), so the other three

solutions are not given here. When the expressions for S Q. p,q, AD 0, ADl, and %1 through

% are substituted into eqn (S8), we obtain a complete solution for the steady-state concentration
of annihilator triplets, which can then be used to obtain the steady-state rate of fluorescence

under our complete mass-conserving model through

_kp(+ Brisc)0-25kypl* Al

ss 1 .
ke +kyp + Kisc _ (S15)

Exploring the effects of sensitizer TTA

1o 3c*
['S"], and "] at steady state can be described as

k, I[S]
[15 % ]55 _ ex : 0
kol + kyg™ + kyge (S16)
BISCkexI[S]O
[35*]55 =

B S
BISCkexI + ksens[A] + kT (S17)

To introduce and model the effects of sensitizer TTA, eqn (1) and eqn (2) in the main text can

be modified to read
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d's”] 1o+ . 312
= ke d[S] - kiel'S 1= Kygl'S 1+ 025k, %S ] 1)

and

d[35] Los EP Sr3 e * S 3c*72
T:kISC[S ]_ksens[ S ][A]_kT[S ]_1.25kTTA[S ] . (519)

S r3¢c*x12
Note that the coefficients in front of the ¥77al"S 1" terms originate from spin statistics. Here,
IC from higher-order sensitizer triplet states is not considered explicitly. At steady-state, eqn

(S19) can be expressed as

ks a[*S ¥ 185(1.25 + 0.25B,.) [’ *1%(1.25 - 0.25B,¢,) +
Koonsl>S “15s[A] + K3[°S " Ig5 + Brsckord[°S “ 155 = Bysck ool [S], (S20)

Eqgn (20) can be solved to obtain

S 1ss

N 5\2 S
- (ksens[A]SS + kexl + kT ) - \/(ksens[A]SS + BISCkexI + kT ) + 4"kTTABISCkeJ«

S
2kTTA

(S21)
[°s*]

34 %
SS$ can be substituted into the following to obtain A Iss :

0.25(1 + Bris)krralPA & 0.75kp,[PA*] &

[°S * 15| [Alp — PA™ 155 - .
ke + kg + Kise kic + krisc

0.25(1 + Brysdkrral*A” 155

y .
ke +kyg + Kisc

= k;l"[3A Jss +1.25(1 + ﬁRISC)kTTA[gA " ]525 - kisc

(S22)
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Finally, Fss can be obtained by substituting the solution to eqn (S22) into eqn (S15). Note that
a general solution to eqn (S22) for [3.4*] cannot be obtained unless the assumption is made that
[4]ss = [4]o. However, numerical solutions of eqn (S22) show that the effect of making such
an approximation is negligible under conditions in which sensitizer TTA becomes influential

(See Figs. Slc and S1d).

Figs. Sla and S1b explore the importance of sensitizer TTA (see Table S2 for the
parameters used in this figure). When £, is large, sensitizer TTA has no discernable effect on
the rate of upconverted fluorescence. Typically, [4] is several orders of magnitude larger than
[3S*]. Therefore the rate of sensitizer TTA, which is proportional to [35*]%, is generally
negligible when compared to the rate of triplet sensitization, which is proportional to [35*][4].

Fig. S1b illustrates how sensitizer TTA starts to limit the rate of upconverted fluorescence

S
appreciably only when £, is several orders smaller than kTTA. Only in the unrealistic situation

S
in which £k, is three orders of magnitude smaller than krra and [S1o is an order of magnitude

less than [4]o do the effects of sensitizer TTA become begin to become apparent (Fig. S1b). In

the examples shown in Fig. Sla and S1b, the TTA rate constants are roughly an order of
magnitude smaller than B sens. Even when these three rate constants are of the same magnitude,
the effects of sensitizer TTA continue to be negligible (not shown).

Figs. Slc demonstrates that both the quadratic and quartic models give virtually identical
predictions when sensitizer TTA is present. Even when krra is nearly five orders of magnitude

smaller than ksenS, these two models differ only slightly, near the saturation regime.

Furthermore, as shown in Fig. S1d, in the quartic model with a unrealistically small value of

k TTA, sensitizer TTA makes no difference in a logarithmic plot of the fluorescence rate vs. the

irradiance.
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Because sensitizer TTA offers a competitive pathway to eliminate sensitizer triplets for
certain TTA-UC systems, complete saturation of upconverted fluorescence would be observed
at much higher irradiances than in cases where sensitizer TTA is not prevalent. At high enough
irradiances, Fss first develops a square root dependence on /, before complete saturation occurs.

Despite the delayed onset of complete saturation, sensitizer TTA always leads to reduced rates

of upconverted fluorescence, and is therefore detrimental to CDUC. Although the results of
sensitizer TTA are interesting, and deserving of a deeper study with our mass conserving TTA-
UC model, the results presented here make it clear that there are few circumstances in which
is necessary to incorporate sensitizer TTA in the analysis of TTA plots of the type discussed

here.

Deriving the characteristics of a simple TTA-UC model

Many of the characteristics of the TTA-UC process in our model can be understood by

simplification of the expression

BISCksenskexI [S]O {
BISCkexI + ksens[A]SS + k;\

0.25(1 + Bris)krral’a*1ds  0.75kpp,[*A" 145

[A]O - [3A*]ss A ; k k
ke + kg + kg 1ct Kpisc

,0.25k 24714
= kp[PA™ ] + 1.25(1 + Briso)krral*A *]525 - kisc

y :
ket kyg + kige (S23)

We begin by considering the classic irradiance limits of TTA-UC and the expression for the
irradiance at which the extrapolated limiting behaviors are equal, which is commonly denoted

Ith. For an ideal TTA-UC system, an expression for In that is derived without the consideration

. . . I .
of mass conservation will closely resemble the expression for “th from our mass-conserving
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model. To show this result, we consider a simplified version of eqn (S23) in which we assume

that Brisc = 0 kisc = 0 Bise =1 4nd K senslAlss=k sens[Al.

Konsk o [S]o {[A] . 0.25k,[PA"]1&  0.75km[PA"] 5%
0~ ss -

Aly+ K5\ sy + ke ki

kol + k

sens[

* *7 2
= kp[’A" ] + 1.25ksp A" )55 (S24)

Kexl term in the denominator of the left-hand side of eqn (S24) arises from the

The
implementation of mass conservation in obtaining the steady-state concentration of sensitizer

triplets. If we were instead to assume that the concentration of sensitizer triplets is much lower

than the initial concentration of sensitizers, then [S15s can be approximated as S ]0. In this case,
sensitizer mass conservation is ignored. Similarly, the second term in parentheses arises from

[A]y > [PA"]

mass conservation in the annihilator, and is negligible when SS. We can therefore

re-express eqn (S24) as

ﬂsenskexl[S]O = [3A " ]SSkI;" + 1'25kTTA [3A ' ]525 . (825)
S : VM : .
When the irradiance is small enough, the SS term is negligibly small, such that we can

describe steady-state fluorescence in the low-irradiance regime as

ﬁsenskexl [S] 0) 2

12
Fg1ow = 0.25® sikerrs[A" 155 = O'ZS(DflkTTA( o
T

(S26)

Thus, the steady-state fluorescence scales as I? at low enough irradiance. Given the conditions
that had to be met to reach eqn (S26), it is clear that the irradiance must generally be quite low

to attain this limit. This fact is not often discussed in the TTA-UC literature, but has important

ramifications for the experimental determination of Iin,
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3
At high irradiance, we can assume that the terms in eqn (S24) that are linear in ["Alss are

unimportant, yielding

34%72
Bsenskexl[s]o = 1'ZSkTTA[ A ]SS.

(S27)

Therefore, the rate of steady-state fluorescence at the high irradiance limit may be expressed

as

q)flﬂsenskexl [S] 0
5 . (S28)

12
Fgpigh = 0-25® gkpp,[PA" 55 =

We find [tn by setting eqn (S28) equal to eqn (S26) and solving for the irradiance:

(kn)°

Iy, =
t 1-25ﬁsenskekaTA [S]O (829)

In deriving our expression for I th, we have ignored the effects of mass conservation by
replacing the steady-state concentrations of sensitizers and annihilators with their initial

concentrations.

Analyzing differences in saturation behavior between the quartic and quadratic models

As discussed in the main text, the quartic and quadratic models deviate most appreciably near
saturation. The difference between the two models is that the steady-state concentration of

sensitizer triplets in the quartic model is implicitly dependent on the steady-state concentrations
of excited annihilator molecules through [Alss . In the quadratic model, the steady-state
concentration of sensitizer triplets is dependent only on [A]O, which is a constant. However,
the overall rate of sensitization, RsenS, still retains a dependence on [Alss under the quadratic

A]

approximation. A result of the substitution of [Alss with [ in the quadratic model is that as
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[Alss _>O, the rate of sensitization in the quadratic model drops more quickly than that in the

quartic model. Ultimately, however, the saturation rate of fluorescence, Fgs, sat_ is identical in

both models. Hence, saturation occurs more rapidly and at lower irradiances in the quartic
model, resulting in smaller Isar values. On the other hand, I is larger in the quartic model under
some conditions. Fig. S3b shows that the discrepancy in Isar between the two models is larger
when krra is small. Lower values of [A]O/ [S1o further exacerbate these discrepancies, as the

approximation that [Alss =14l becomes invalid under these conditions. Interestingly, the

trend in the discrepancies in I between the two models is not monotonic, unlike that for the

I I

quartic ~

discrepancies in Isat. In Fig. S3c, the quantity quadratic is plotted as a function of

krra for different values of [4]o and [5]0. When krra is small enough that the irradiance at

which efficient TTA is expected is much larger than the irradiance at which [A]55_>0, I'is
larger in the quadratic model than in the quartic model. This behavior arises from the fact that
the quadratic model exhibits a smoother transition in local slope, from a value of 1 to a value

of 0, with increasing irradiance. On the other hand, under the quartic model, the local slope
drops from a value of ~1 to 0 almost instantly once [A]55_>0. The smooth transition that is

predicted by the quadratic model, results in a larger I'. When krra is increased, this effect

vanishes, and the discrepancy in I increases in favor of the quartic model. Due to the inherent
uncertainty in determining Tos and I1a for the quartic model at low kTTA, Fquartic = T quadratic

5ap-1.-1
krra <1x10°M""s are omitted from Fig. S3c. Once krra is large enough,

values for
. . : ok, 1>k, [Alcc
however, another form of saturation is achieved, i.e. the condition "ex sensL7SS g

satisfied, before [Alss is allowed to reach 0. This phenomenon explains why the difference in

I between the two models begins to drop once more, finally settling at 0. The discrepancy in

I' values is more pronounced in systems with lower [A]O/ [S]O.
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Exploring deviations in the transition width I for specific values of krra and [4]o
In specific cases, the relationship between I and krra or [ is nonlinear, which would not be
expected given our basic analysis based on the transition width sat/ “th/ In Fig. S6, we

see that within the region between the dotted lines, the relationship between I and krra is

[ o (kpp)t®

different than that at higher values of kTTA. Specifically, we find that within this

region. When krra is small, the TTA-UC process can never proceed efficiently, because at the

values of irradiances at which the TTA process would become more dominant than the intrinsic

triplet quenching mechanism, fluorescence saturation starts to occur. However, as krra is
increased, not only is the irradiance at which the TTA-UC process becomes efficient reduced,
but the irradiance at which saturation occurs increases, because the rate at which annihilator

states are made available for triplet sensitization increases. A similar observation can be made
with respect to I' and [A]O. The latter observation can be explained by use of the quantity
log (Isqc/ Ith). In the quadratic model, [sar always increases with increasing [A]O, because the
steady-state concentration of annihilators in the ground state is assumed to be [ for the
purposes of determining the rate of triplet sensitization. On the other hand, when [4]o is small,
the sensitization branching ratio Bsens is less than 1, and so Ith, which is inversely proportional
to B sens, decreases as [Alo increases. The simultaneous decrease in Ien and increase in Isat lead

to a nonlinear growth in I' with [A]O.

The origin of saturation in the quadratic model

As mentioned in the main text, in the quadratic model fluorescence saturation arises primarily

due to the effects of sensitizer mass conservation. Because [ is typically much larger than
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3 4%
[A ]ss, we rarely encounter cases in which the accumulation of annihilator triplets stifles any
growth in the rate of triplet sensitization, as was seen in the comparison of the quartic and
3 4%
[FA”]

quadratic models. In Fig. S2 we plot SS for a range of system parameters. These plots

reveal that only when the rate of triplet sensitization is on the order of 10'* M-'s! does
34 %
A" Iss approach [A]O. In this situation, the term within the brackets of eqn (S24) drops almost

34 %
to 0, thus removing the dependence of (A Iss on /.

Expanding and analyzing the expression for n(/) from the kinetic model

Recall that n(/) is derived from

d(log (Fy,)) d(log(Fyy)) d(log (D)) I
d(log ())  dF / dl  F, dl

SS

(S30)

To evaluate this derivative analytically in a facile manner, we represent the solution to eqn

(S24) as
- cd +c, csl® + ¢l
(A 5= I 1+ 2 -1
c3l +c, ¢ + cgl + ¢q (S31)
where
A
1= k?kex + ksenskex[S]O((kfl + kNR)kIC) (532)
¢y = ki (Kyens[Alp + K7) (S33)

A
c3 = 2.5kgpkop (kg + kyg)kic + Koensker[S10(0-25k,c + z(kfl + kNR) (S34)

¢4 = kikyc(Kgens Al + k2) (K + ki) (S35)
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2 A
C5 = 5Kgonskrraker” [STo[Alo(Ksi + kng)Kic (S36)
A
Ce = Ak gonKerkrr[STolA] OkIC(ksens[A]O + k?) (kfl + kNR)

+ kg, K, 1[S],(0.25k, + Z(kﬂ + k,j‘R)

(S37)
A
7= kékexksenskex[S]O(kfl + kNR)kIC (S38)
A
Cg = Zk?"ksenskex[s]O(ksens[A]O + ki) (kfl + kNR)kIC (S39)
and
2 A
Co = (ki (KgenslAlo + 1)) (ks + kyp)kic (S40)
The local slope n(/) can then be expressed as
2 2
csCgl™ + 2¢5cql — cco1” + g
(c712 +cgl + 69)2 C1C4 — CC3
n(l)=1
C512 + col c512 + c¢l (cqf + c)(c5l +¢4)
1+ -1]/1+
C7I2 + cgl + ¢q c712 + cgl + ¢q
(S841)

In the limit in which 7 is small, eqn (S41) reduces to

Co (€164 = €5C3)
21

Col €€y
1+—-1
g ) (S42)

If the second term in the radicand is much less than 1, this expression becomes
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Ceo

—I
nlh)=—+2[——=2+2] =2
c61 CoCy CoCy
2¢q . (S43)

Therefore, at low enough irradiance, the local slope is 2, as expected. At a high enough

csl 24 cel
1+ 5 > 1
c, 1"+ cgl + ¢

irradiance, it must be the case that , and so eqn (S41) becomes

2 2
CsCgl” + 2¢5cql — coc/ 1™ + coCq C1Cq = CoC3

n(l) =1 > + 2
(c71% + cgl + co)(col* + cgl + g+ csl” + cgl) (ol +cr)(csl +cy)

(S44)

The irradiance at which the local slope attains a value of 1 can be calculated from eqn (S44).
Because eqn (S44) is a 6M-order polynomial in 7, a general solution for 7 at n = 1 cannot be
found. However, in the limit in which 7 is large enough that the quadratic terms dominate eqn

(S44), we find that

(stedel el . (S45)
Thus, "(1)=0 in the limit that /=,

Dependence of Dy¢ on n(J)

We showed in the main text that, by definition, D¢ attains a value of 1 when n = 1. Fig. S8
shows that as krra is increased and kr is decreased, Dyc increases smoothly with n. A

representative plot of Pyc vs. n, from which we had obtained our inverse exponential

relationship between Pyc and n, is shown in Fig. S9.
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kA

k T on

34 *
Exploring the influence of "774 and A Iss

A
We found in the main text that under a typical scenario in which krra is large and kT is small,

A
krra and *T have negligible impact on the steady-state rate of fluorescence at high irradiance.

Ny

However, this situation need not hold under atypical TTA-UC conditions, in which ~UC max

A
and Isar may depend on krra and ¥7. To illustrate this behavior, we consider the second term
within the radicand of eqn (S31), P. Figure S10 shows that under ideal conditions, P is
maximized at low irradiance at which saturation does not occur. However, under nonideal

conditions, P is only ever maximized at high irradiance, and often at its saturation value, at
which kexl > ksenS[A]O. Note that only when P > 1 does the rate of fluorescence at high

A
irradiances become completely independent of krra and 7. Therefore, when P peaks at smaller

vy I

A
values and at higher irradiances, krra and *7 start to have an effect on ~ UC,max and * sat,

Fitting literature data on upconverted fluorescence from TTA-UC solutions

Typically, fluorescence intensities are reported in arbitrary units. Therefore, to facilitate the
curve-fitting process, experimental fluorescence intensity data were normalized by dividing
each data set by the highest value of fluorescence intensity measured in that data set.
Representative quadratic fits of data from the literature are shown in Figs. S14, S15, and S17-

S20.

The robustness of I, to changes in fitting parameters
Although the combination of extracted system parameters from best fits to literature data may
not be unique, the performance factors that are calculated from the two different sets of

extracted rate parameters are nearly identical as long as both fits are equally good. In essence,
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best fits to experimental data give insights into the ratios of rate parameters such as kzry, ke,

AN2
(k)
A
and kT. Because 1 is proportional to kTTAkEX, there are numerous different combinations of

kA

k T that result in the same /,;,. Because a small degree of

reasonable values of k TTA, "ex, and
uncertainty in fitting experimental data always exists (no experimental dataset can be fit
perfectly), minor deviations in /; will unavoidably arise when fitting constraints are modified.

However, as we show below, the deviations in /;;, that arise from an uncertainty in fitting, are

only minor.

As an example, we fit experimental data from Ogawa ef al.! to obtain a krra of 3 X 10°

A
M'lsl a kT of 2039 s, and a Kex of 10.09 cm?/mJ (See Table S1 for the other parameters).

A
When we constrained krra to a value of 3 X 108 M-!s! instead, ke was reduced to 1894 s!,

and a Kex was increased to 85.7 cm?/mJ (the other parameters did not change). The goodness
of the fit improved slightly (R?> = 0.9998 vs. 0.9997). Despite the change in parameters, the

value of 7, obtained from the fit changed only from 11.0 mW/cm? to 11.1 mW/cm?.

As another example, our fits to experimental data from Gray et al.?, yielded an I, of 33.02

A
mW/cm? with an extracted krra of 3 X 10° M5! a kr of 326.8 57!, and a Kex of 0.0576

cm?/mJ (See Table S1 for the other parameters). When krra was constrained to be 3 X 108

A
M- s! instead, ey was reduced to 245.6 s7!, and Kex was increased to 0.3239 cm?/mlJ (the other

parameters did not change). The R?> was identical in each case, and [, changed to 33.16
mW/cm?. Therefore, different combinations in rate parameters that are extracted from equally

good fits to experimental data with our TTA-UC model do not result in significant changes to

Ilh‘
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Simulation and curve-fitting methodology (MATLAB)

MATLAB code that was used to generate logarithmic TTA-UC curves, compute expressions

for n(/) and corresponding n(/) vs. I curves, calculate Pyc and Pyc, max values, and calculate
I" and many other system parameters is available via GitHub. Table S3 provides a summary

description of the files found in the GitHub folder.

Curve-fitting toolbox and example

The curve-fitting toolbox can be accessed from the ‘APPS’ tab in MATLAB. With the toolbox

1O}

opened, x-axis data (irradiance, not [0g:: ( )), and y-axis data (fluorescence output) should be
loaded. An appropriate weighting scale should be applied to ensure that fluorescence emission
values at low irradiances (which are exponentially smaller than those at high irradiances) will

be considered equally in performing the fit. In our work, we use a weighting factor of

1/Fgs (I), where Fgs(D represents fluorescence output values that are normalized such that the
highest possible value is 1. To begin the fitting process, the ‘Custom Equation’ option must be
selected from the drop-down menu found at the top of the curve fitting toolbox. A custom
quadratic model fitting equation, containing known system parameters as well unknown fitting
parameters, can be generated using the Matlab code titled ‘FittingShow.m’ (See Table S3).
The fitting equation should then be used to replace the default custom equation that appears at
the top of curve fitting toolbox. Please note that the fitting variable should be changed from the
default ‘x’ to ‘I’ for fitting to proceed. Following this step, one may open the ‘fitting options’
dialog box to enter guess values for the various rate constants and coefficients involved in the
TTA-UC process, as well as to create specific upper/lower bounds. MATLAB should begin
fitting automatically, and will update its best fit as new guess values are entered. Once a

satisfactory fit is obtained (the goodness of any particular fit is given by the R?> value which
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Matlab provides in the toolbox), the obtained rate constants and system parameters can be
copied for plotting with the code found in ‘FssShow.m’ (See Table. S3). Fig. S21 illustrates
MATLAB?’s curve-fitting toolbox as TTA-UC data from a solution mixture of PtOEP and DPA

is being fit.
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Table S1. Parameters used in figures in the main text and Supporting Information.

Parameters

Figure ksens krra k? K [Slo | [Alp kic kefrx Kngx k7s~* (s

M's) | MTsT) | (s | (em¥m)) | mM) | (mM) | (8T) | (s) (s D)
2a 1.63 x 10° 3.6 x 108 200 5 - 100 2x108 | 1.36x 108 | 5.037x105 | 2x103
2b 1.63 x 10° 3.6 x 104 200 5 - 100 2x108 | 1.36x10% | 5.037x105 | 2x103
3 1.63 x 10° 3.6 %108 200 5 0.014 100 2x10% | 1.36x10° | 5.037x10° | 2x103
4 1.63 x 10° 3.6 %108 200 5 0.014 100 2x108 | 1.36x10° | 5.037x105 | 2x103
5 1.63 x 10° 3.6 x 108 200 5 0.014 100 2% 108 | 1.36x108 | 5.037x105 | 2x103
6 1.63 x 10° 3.6 x 108 200 5 0.014 100 2x108 | 1.36x 108 | 5.037x105 | 2x103
7 1.63 x 108 3.6x10° | 2x10% 5 0.014 1000 2x108 | 1.36x 108 | 5.037x105 | 2x103
8a 2x10° 2.8x108 li})f 447 0.05 1 2x108 | 2x108 48 10" 2 x 10°
8b 23 x10° 2.5%108 li%: 725 0.075 0.091 2x108 | 6.84%10° | 1.15x 10 2 x 10°
S2 - 3.6 x 108 200 5 0.014 100 2x108 | 1.36x 108 | 5.037x105 | 2x103
S3a 1.63 x 10° 3.6 x 10 200 5 0.014 100 2x108 | 1.36x10% | 5.037x105 | 2x103
S3b,c 1.63 x 10° - 200 5 - - 2x10% | 1.36x10° | 5.037x10° | 2x103
S4a,b,d 1.63 x 10° 3.6 %108 200 5 0.014 100 2x108 | 1.36x10° | 5.037x105 | 2x103
S5c.e 1.63 x 10° 3.6x108 | 2x 104 5 0.014 100 2% 108 | 1.36x 108 | 5.037x105 | 2x103
S6 1.63 x 10° 3.6 x 108 200 5 0.014 100 2x108 | 1.36x10% | 5.037x105 | 2x103
S7 1.63 x 10° 3.6 x 108 200 5 0.014 100 2x108 | 1.36x 108 | 5.037x105 | 2x103
S8 1.63 x 10° 3.6 %108 200 5 0.014 100 2x10% | 1.36x10° | 5.037x10° | 2x103
S9 1.63 x 10° 3.6 %108 200 5 0.014 100 2x108 | 1.36x10° | 5.037x105 | 2x103
S11 1.63 x 10° 3.6 %108 - 5 0.014 100 2% 108 | 1.36x108 | 5.037x105 | 2x103
S12 1.63 x 10° 3.6x10° | 2x 104 5 0.014 100 2x10% | 1.36x108 | 5.037 x 105 2x103
S13 1.63 x 10° 3.6x10° | 2x10% 5 0.014 100 2x108 | 1.36x 108 | 5.037x105 | 2x103
S14 1.63 x 10° 3.6 x 108 - 5 0.014 100 2x108 | 1.36x10° | 5.037x10° | 2x103
S15 23 x10° 3% 108 1x103 861 0.075 0.091 2x108 | 3x108 9.5x 10! 2 x 10°
S16! 1x10° 3% 10° 2039 10.09 0.01%* 10%* 2% 105 | 1.8 %108 1 x 10% 2 x 10°
S163 1.8 x 10%%* 3% 10° 180%* 0.1234 0.006** 1% 2% 108 11(’)‘8‘:* 999.7 2 x 10°
S164 1.9 x 109%* 3% 10° 207.2 0.01076 0.016** 0.5%* | 2x10% | 1.88x 108 1 x 10* 2% 10°
S16° 1% 10° 2% 10° li%f 0.007536 %% S 2% 108 | 1.8x108 1000 2% 10°
S16° 1x10° 3% 108 2003 153.9 0.005%* | 0.15%% | 2x10% | 2x 108 1000 2 x 10°
S162 2.2 x 10%* 3% 10° 326.8 0.0576 0.015%* 0.5%* 2x108 | 1.8x 108 1000 2x103
S167 1.4 x 10%%* 3 x 108 1288 2.1 0.038** | 0.78** | 2x10% | 2x 108 5.8 x 107! 2 x 10°

*These parameters are never changed or varied for any simulations

**These parameters were reported by the authors of the experimental data

Bolded figure numbers indicate parameters extracted from the best fits to TTA-UC data
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Table S2. Rate parameters used in simulating the effects of sensitizer TTA

Parameters
T e 0 A s A W e A S S O
M-1sh) M1sh) isc| Mlshy | sy | (em*m]) | (mM) | (mM) (sh (sh (sh (s
Sla | 1.63x10" | 2x10° 3.6 10% | 200 5 - 1001 25108 | 136 % 10° | 5.037x 105 | 2% 10°
Slb | 1.63x107 | 2x10° 3.6 10° | 200 5 101 2x108 | 1.36x 108 | 5.037x10° | 2% 10°
Slc | 163x10" | 2x10° 200 5 0014 | 101 2108 | 1.36% 108 | 5.037 x 105 | 2x 10°
S1d | 183 x10° [ 2x10° 3.6%10° | 200 5 0014 | 10 | 2x10° | 136%10° | 5.037x10° | 2x 10°

Table S3. Summary of the MATLAB code available on Github:
https://github.com/kabhil 7/TTA-model.git

File name

Content and purpose

‘FssShow.m’

Simulating logarithmic Fig vs. I curves

‘LocalSlopeShow.m’ | Computing n(/) and calculating irradiance values for specific values
of n

“TWShow.m’ Calculating I' and the analytical quantity log (I sat/ 1 th)

‘QYShow.m’ Calculating values of Puc and Puc, max

‘FittingShow.m’ Preparing experimental data for fitting
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Fig. S1 Exploring the influence of sensitizer TTA. (a) Log-log plot of fluorescence versus

irradiance with sensitizer TTA events included (solid lines) and excluded (dashed lines) for

[Slo=0.014 mm (A) and for [5Jo = 0.14 mM. Here

(a), except

k. =1.63x10°

sens

k

=1.63 x 10°

sens

M1 sl (b) Same as

M-1's1. (c) Log-log plot of fluorescence versus irradiance for

the quartic (solid lines) and quadratic (dashed lines) model for different annhilator TTA rate

constants. (d) Log-log plot of fluorescence versus irradiance for the quartic model, with

sensitizer TTA events included (solid line) and excluded (dahsed line).
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Fig. S2 The dependence of the steady-state annihilator triplet concentration [ A ]55 on

irradiance for different values of ksens, The values of all of the other parameters are given in

Table S1. The dashed line indicates the value of [A4].
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Fig. S3 Comparison of saturation in the quadratic and quartic models. (a) Representative

TTA-UC curves in the quadratic (blue) and quartic (red) models. The dashed lines of the

corresponding colors indicate the value of /. The dotted line is the saturation level of

fluorescence. (b) Logarithm of the ratio of the saturation irradiance as a function of krra in

the quartic model to that in the quadratic model for two different sets of annihilator and

sensitizer concentrations. The quartic model always saturates at a lower irradiance. (c) The

value of I as a function of krra in the quartic model minus that in the quadratic model for

two different sets of annihilator and sensitizer concentrations. In this region of the parameter

space, the transition width in the quartic model is larger than that in the quadratic model. See

Table S1 for the values of the other parameters.
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Fig. S7 The dependence of the upconversion quantum yield and its slope on irradiance for
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respectively, different values of ksenS. The open and filled circles indicate the irradiances at

which the local slope is 1.1 and 0.9, respectively. See Table S1 for the values of the other

parameters.
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Fig. S8 (original) The dependence of the upconversion quantum yield and the normalized
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A
of k7, and (c) and (d), respectively, different values of kTTA. The quantum yield always
increases monotonically with the local slope until that slope attains a value of 1, after which

the quantum yield decreases. See Table S1 for the values of the other parameters.
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the quantum yield begins to saturate. See Table S1 for the values of the other parameters.
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Fig. S12 (original) The normalized upconversion quantum yield at irradiances /,; and 2/,

as a function of (a) ksenS, (b) k?‘, (©) k TTA, (d) [S]O, and (e) [A]O. See Table S1 for the values
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Fig. S12 (corrected) The normalized upconversion quantum yield at irradiances /1, and 2/, as
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the other parameters.
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Fig. S13 (a) Representative calculated TTA-UC curves for different values of kT, along

A
with 7, values. In the case of the highest value of kT, 1, 1s outside of the range of irradiances.

Predicted errors in /,, and n(/,;) for different values of (b) k?", (©) kTTA, (d) [5]0, and (e) [A]O.

See Table S1 for the values of the other parameters.
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Fig. S21 An example of curve fitting being performed on experimental TTA-UC data.
Note that the linear data is being fit, not the logarithmic data. The rate constants obtained

from the fit are shown in the 'Results' box.

S48



I

_ 2 1
kf=2x10%s" |
I
o 1.5 |
Q. |
S :
2 40 :
[4+] |
Q |
Q I
= 054 :
—— Fluorescence |
M e Sensitizer excitation :

-4 k) 0 2 4 6 8
log(irradiance (mWIcmz))

b ..

|
_ 5 -1

ki=2x10°s :

[

o 1.5 |

Q. |

< :
@ 49

[4+] |

Q |

o |

= 0.5 1 :

—— Fluorescence |

i Sensitizer excitation :

4 2 0 2 4 6 8
log(irradiance (mW/cm?))

Fig. S22 Local slopes of the rates of annihilator fluorescence, n(/) (black) and sensitizer

A _ 2 .-1 A _ 5.-1
excitation, g(/), (red) as a function of irradiance for (a) kp=2x10%s"" 4nd (b) kp=2x10"s""
The values for all other rate parameters are the same as for Figs. 3, 4, 5, 6, and 7 (See Table

S1). The vertical dashed lines indicate the irradiance at which n(/) = 1.
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