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formation of adduct isomers

Birger Bohn,∗,a and Cornelius Zetzschb,c

S1 Analytical solutions for model-1

The reaction scheme R1a /−1a, R1b, R2 and R3 in the main
paper is leading to a system of two differential equations,

d[OH]/dt =−a [OH]+b [add] (S1)

d[add]/dt = c [OH]−d [add] (S2)

that has a general solution:

[OH] =C1 exp(λ1 t)+C2 exp(λ2 t) (S3)

[add] =C3 exp(λ1 t)+C4 exp(λ2 t) (S4)

The coefficients λ1,2 are the roots of the characteristic polyno-
mial:

P(λ ) = (−a−λ )(−d −λ )−b c = 0 (S5)

λ1,2 =−a+d
2

±
√
(

a+d
2

)2 −ad +bc (S6)

Instead of the λ1,2, decay rate coefficients or reciprocal life-
times τ−1

1,2 of OH are usually used in equation S3 and S4.
Moreover, the argument of the root function can be simplified:

τ−1
1,2 =−λ1,2 =

a+d
2

±
√

(
a−d

2
)2 +bc (S7)

This equation is identical to that obtained previously1 and has
been used in a number of studies before, also for other chem-
ical systems2–7. Note that equation IIa by Koch et al. 6 is in-
correct. To derive the rate coefficients a, d and the product
bc from experimental decay curves, also the relations from
Vieta’s root theorem (Francois Viete, 1540–1603) proved use-
ful:

τ−1
1 + τ−1

2 = a+d (S8)

τ−1
1 τ−1

2 = ad −bc (S9)
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To determine the coefficients C1 −C4 of the general solutions,
the equations were differentiated and inserted into the differ-
ential equations:

d[OH]/dt =−τ−1
1 C1 exp(−τ−1

1 t)− τ−1
2 C2 exp(−τ−1

2 t)

=−a (C1 exp(−τ−1
1 t)+C2 exp(−τ−1

2 t))

+b (C3 exp(−τ−1
1 t)+C4 exp(−τ−1

2 t))(S10)

d[add]/dt =−τ−1
1 C3 exp(−τ−1

1 t)− τ−1
2 C4 exp(−τ−1

2 t)

= +c (C1 exp(−τ−1
1 t)+C2 exp(−τ−1

2 t))

−d (C3 exp(−τ−1
1 t)+C4 exp(−τ−1

2 t))(S11)

That can be rearranged:

C1 τ−1
1 = a C1 −b C3 (S12)

C2 τ−1
2 = a C2 −b C4 (S13)

C3 τ−1
1 = d C3 − c C1 (S14)

C4 τ−1
2 = d C4 − c C2 (S15)

Moreover, the general boundary conditions can be defined as
follows:

C1 +C2 = [OH]0 (S16)
C3 +C4 = [add]0 (S17)

Rearrangements led to expressions for C1–C4:

C1 = [OH]0 −C2 (S18)

C2 =
[add]0 b+[OH]0(τ−1

1 −a)
τ−1

1 − τ−1
2

(S19)

C3 = [add]0 −C4 (S20)

C4 =
[OH]0 c+[add]0(τ−1

1 −d)
τ−1

1 − τ−1
2

(S21)

These equations together with the τ−1
1,2 can be used to simulate

decay curves of OH and the adduct under all conditions.
Under typical experimental conditions with [add]0=0, i.e.

pulsed formation of OH at t=0, the expressions C1–C4 further
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simplify:

C1 = [OH]0
a− τ−1

2

τ−1
1 − τ−1

2
(S22)

C2 = [OH]0
τ−1

1 −a
τ−1

1 − τ−1
2

(S23)

C3 = −[OH]0
c

τ−1
1 − τ−1

2
(S24)

C4 = [OH]0
c

τ−1
1 − τ−1

2
(S25)

Finally, for the initial ratio C1/2 of the exponential functions
alternative equations apply:

C1/C2 =C1/2 =
a− τ−1

2

τ−1
1 −a

=
τ−1

1 −d
d − τ−1

2
(S26)

The last term was obtained utilizing equation S8. Previously
published equations for C1/2 were more complicated but also
correct. For example, an alternative expression1,6 for C1/2 can
be converted to equation S26 using the Vieta formulas in equa-
tions S8 and S9:

C1/2 =
(τ−1

1 −d)2

bc
=

(τ−1
1 −d)2

ad − τ−1
1 τ−1

2

=
(τ−1

1 −d)2

(τ−1
1 + τ−1

2 −d)d − τ−1
1 τ−1

2
=

τ−1
1 −d

d − τ−1
2

(S27)

With equations S7 and S26 the curve parameters of a biexpo-
nential OH decay can be calculated from the coefficients a,
bc and d related to the rate constants of the chemical system.
This is the basis to directly fit the rate constants from the decay
curves as was done in this work for model-1.

On the other hand, also the analytical expression of a, bc
and d as a function of the curve parameters may be useful as
was outlined briefly in the Results section of the main paper.
Equation S26 can be directly converted accordingly,

a =
τ−1

1 C1/2 + τ−1
2

1+C1/2
(S28)

d =
τ−1

2 C1/2 + τ−1
1

1+C1/2
(S29)

From equations S26 and S9 also bc can be calculated:

bc =
C1/2(τ−1

1 − τ−1
2 )2

(1+C1/2)2 (S30)

S2 Analytical solutions for model-2

The reaction scheme R11a/−11a, R12a/−12a, R1b, R2, R31,
and R32 in the main paper is leading to a system of three dif-

ferential equations :

d[OH]/dt =−a [OH]+b [add1]+ e [add2] (S31)

d[add1]/dt = c [OH]−d [add1] (S32)

d[add2]/dt = f [OH]−g [add2] (S33)

That has a general solution:

[OH] =C1 exp(λ1 t)+C2 exp(λ2 t)+C3 exp(λ3 t) (S34)

[add1] =C4 exp(λ1 t)+C5 exp(λ2 t)+C6 exp(λ3 t) (S35)

[add2] =C7 exp(λ1 t)+C8 exp(λ2 t)+C9 exp(λ3 t) (S36)

The coefficients λ1−3 are again the roots of the characteristic
polynomial:

P(λ ) = (−a−λ )(−d −λ )(−g−λ )
−bc(−g−λ )− e f (−d −λ ) = 0 (S37)

Expressions for λ1−3 can be derived from textbook formulas
but are rather complicated. The normal form of the polyno-
mial is y = x3 + rx2 + sx+ u = 0. In terms of the τ−1

1−3 these
parameters are:

r = −a−d −g (S38)
s = ad +dg+ag−bc− e f (S39)
u = bcg+ e f d −adg (S40)

Setting x = y− r/3 leads to the reduced form of the polyno-
mial: y3 + py+ q = 0, where p = s− r2/3 and q = 2r3/27−
sr/3+ u. For the so-called ”casus irreducibilis” where three
real solutions exist, as in the case discussed here, formu-
las for the polynomial roots were derived by Vieta. With
ϕ = arccos((−q/2)/

√
−(p/3)3) and ρ =

√
−(p/3)3, the so-

lutions are:

τ−1
1 = 2 3

√
ρ cos(ϕ/3)− r/3 (S41)

τ−1
2 = 2 3

√
ρ cos(ϕ/3+2π/3)− r/3 (S42)

τ−1
3 = 2 3

√
ρ cos(ϕ/3+4π/3)− r/3 (S43)

It was checked that these formulas obey the Vieta equations
for third-order polynomials:

τ−1
1 + τ−1

2 + τ−1
3 =−r = a+d +g (S44)

τ−1
1 τ−1

2 + τ−1
1 τ−1

3 + τ−1
2 τ−1

3 = s

= ad +dg+ag−bc− e f (S45)

τ−1
1 τ−1

2 τ−1
3 =−u = adg−bcg− e f d (S46)
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To obtain the coefficients C1−9 the general solutions were
again differentiated and inserted into the differential equa-
tions, as shown above. These equations were then rearranged:

C1 τ−1
1 = a C1 −b C4 − e C7 (S47)

C2 τ−1
2 = a C2 −b C5 − e C8 (S48)

C3 τ−1
3 = a C3 −b C6 − e C9 (S49)

C4 τ−1
1 = d C4 − c C1 (S50)

C5 τ−1
2 = d C5 − c C2 (S51)

C6 τ−1
3 = d C6 − c C3 (S52)

C7 τ−1
1 = g C7 − f C1 (S53)

C8 τ−1
2 = g C8 − f C2 (S54)

C9 τ−1
3 = g C9 − f C3 (S55)

Moreover, generally the boundary conditions can be defined
as follows:

C1 +C2 +C3 = [OH]0 (S56)
C4 +C5 +C6 = [add1]0 (S57)
C7 +C8 +C9 = [add2]0 (S58)

Equations S50–S52 and S53–S55 were solved for C4–C9 and
the results were inserted into equations S47–S49. Together
with equations S56–S58 this gave three equations for the three
parameters C1–C3. The following expressions were obtained
by rearrangement:

C1 = (d − τ−1
1 )(g− τ−1

1 )× (S59)[
[add1]0 f (d − τ−1

2 )(d − τ−1
3 )

c f (d −g)(τ−1
1 − τ−1

2 )(τ−1
3 − τ−1

1 )

−
c
{
[add2]0(g− τ−1

2 )(g− τ−1
3 )+ f [OH]0(d −g)

}
c f (d −g)(τ−1

1 − τ−1
2 )(τ−1

3 − τ−1
1 )

]

C2 = (d − τ−1
2 )(g− τ−1

2 )× (S60)[
[add1]0 f (d − τ−1

1 )(d − τ−1
3 )

c f (d −g)(τ−1
1 − τ−1

2 )(τ−1
2 − τ−1

3 )

−
c
{
[add2]0(g− τ−1

1 )(g− τ−1
3 )+ f [OH]0(d −g)

}
c f (d −g)(τ−1

1 − τ−1
2 )(τ−1

2 − τ−1
3 )

]

C3 = (d − τ−1
3 )(g− τ−1

3 )× (S61)[
[add1]0 f (d − τ−1

1 )(d − τ−1
2 )

c f (d −g)(τ−1
1 − τ−1

3 )(τ−1
3 − τ−1

2 )

−
c
{
[add2]0(g− τ−1

1 )(g− τ−1
2 )+ f [OH]0(d −g)

}
c f (d −g)(τ−1

1 − τ−1
3 )(τ−1

3 − τ−1
2 )

]

Also the C4 −C9 can be calculated using equations S50–S52
and equations S53–S55. These formulas are rather compli-
cated but should, together with the reciprocal lifetimes τ−1

1−3,
allow to simulate OH and adduct decay curves under all
boundary conditions.

The following treatment will again focus on conditions with
[add1]0 = [add2]0 = 0. The expressions for C1−3 then sim-
plify:

C1 =
[OH]0(d − τ−1

1 )(g− τ−1
1 )

(τ−1
1 − τ−1

2 )(τ−1
1 − τ−1

3 )
(S62)

C2 =
[OH]0(d − τ−1

2 )(g− τ−1
2 )

(τ−1
1 − τ−1

2 )(τ−1
3 − τ−1

2 )
(S63)

C3 =
[OH]0(d − τ−1

3 )(g− τ−1
3 )

(τ−1
1 − τ−1

3 )(τ−1
2 − τ−1

3 )
(S64)

The ratios are therefore given by:

C1/2 =C1/C2 =
(d − τ−1

1 )(g− τ−1
1 )(τ−1

3 − τ−1
2 )

(d − τ−1
2 )(g− τ−1

2 )(τ−1
1 − τ−1

3 )
(S65)

C3/2 =C3/C2 =
(d − τ−1

3 )(g− τ−1
3 )(τ−1

2 − τ−1
1 )

(d − τ−1
2 )(g− τ−1

2 )(τ−1
1 − τ−1

3 )
(S66)

Together with the reciprocal lifetimes τ−1
1−3 these ratios are the

basis to fit the rate constants of model-2 in this work.
Expressions for the coefficients a, d, g, bc and e f as a func-

tion of the curve parameters were also derived for model-2.
These are necessary for example to evaluate single triexponen-
tial decay curves. Under the assumption [add1]0 = [add2]0 = 0
equations S47–S49 can be summarized and identified with
[OH]0 from equation S56:

C1τ−1
1 +C2τ−1

2 +C3τ−1
3 = a(C1 +C2 +C3) = a[OH]0 (S67)

That can be rearranged to an expression for the parameter a:

a =
C1/2τ−1

1 +C3/2τ−1
3 + τ−1

2

1+C1/2 +C3/2
(S68)

Formulas for the coefficients d and g are more difficult to ob-
tain. Equations S65 and S66 are not unambiguous with regard
to d and g which is also evident from the following relation
that was derived from these equations:

1+C1/2 +C3/2 =
(τ−1

1 − τ−1
2 )(τ−1

3 − τ−1
2 )

(d − τ−1
2 )(g− τ−1

2 )
(S69)

Equation S69 can be used to derive an expression for the prod-
uct dg:

dg =
C1/2τ−1

2 τ−1
3 +C3/2τ−1

1 τ−1
2 + τ−1

1 τ−1
3

1+C1/2 +C3/2
(S70)
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Moreover, equations S44 and S68 give the sum d +g:

d +g =
C1/2(τ−1

2 + τ−1
3 )+C3/2(τ−1

1 + τ−1
2 )+ τ−1

1 + τ−1
3

1+C1/2 +C3/2
(S71)

With the assumption d > g equations S70 and S71 have solu-
tions:

d,g=
1
2

C1/2(τ−1
2 + τ−1

3 )+C3/2(τ−1
1 + τ−1

2 )+ τ−1
1 + τ−1

3 ±
√

D
1+C1/2 +C3/2

(S72)
with

D =C2
1/2(τ

−1
2 − τ−1

3 )2 (S73)

+ 2C1/2(τ−1
3 − τ−1

2 )
{

C3/2(τ−1
1 − τ−1

2 )− τ−1
1 + τ−1

3
}

+
{

C3/2(τ−1
1 − τ−1

2 )+ τ−1
1 − τ−1

3
}2

Expressions for bc and e f as a function of d and g were
obtained by solving equation S50–S55 for C4–C9 and insertion
into equation S47 -S49:

τ−1
1 = a− bc

d − τ−1
1

− e f
g− τ−1

1
(S74)

τ−1
2 = a− bc

d − τ−1
2

− e f
g− τ−1

2
(S75)

τ−1
3 = a− bc

d − τ−1
3

− e f
g− τ−1

3
(S76)

These equations were rearranged as follows (a was eliminated
by using equation S45):

bc =
(d − τ−1

1 )(d − τ−1
2 )(d − τ−1

3 )

g−d
(S77)

e f =
(g− τ−1

1 )(g− τ−1
2 )(g− τ−1

3 )

d −g
(S78)

S3 Analytical solutions for model-3

Inclusion of the isomerization reactions (R12/R21, main pa-
per) leads to the following system of differential equations,

d[OH]/dt =−a [OH]+b [add1]+ e [add2] (S79)

d[add1]/dt = c [OH]−d [add1]+h [add2] (S80)

d[add2]/dt = f [OH]+ i [add1]−g [add2] (S81)

that has the same general solutions as model-2, i.e. equa-
tion S34–S36. However, the characteristic polynomial is dif-
ferent and the parameters s and u of the normal form are also
different (compare to equations S39 and S40):

s = ad +dg+ag−bc− e f −hi (S82)
u = bcg+ e f d −adg+ eic+hia+ f bh (S83)

As was outlined in the main paper, the products eic and f bh
can be expressed in terms of the product hi, the single, addi-
tional parameter of model-3:

f bh+ eic = 2
√

bce f hi (S84)

The calculation of the reciprocal lifetimes τ−1
1−3 based on the

parameters r, s and u is the same as for model-2, i.e. equa-
tion S41–S43.

Differentiation of the general solutions and insertion into
the differential equations led to equations relating the coeffi-
cients C1−9 after rearrangement:

C1 τ−1
1 = a C1 −b C4 − e C7 (S85)

C2 τ−1
2 = a C2 −b C5 − e C8 (S86)

C3 τ−1
3 = a C3 −b C6 − e C9 (S87)

C4 τ−1
1 = d C4 − c C1 −h C7 (S88)

C5 τ−1
2 = d C5 − c C2 −h C8 (S89)

C6 τ−1
3 = d C6 − c C3 −h C9 (S90)

C7 τ−1
1 = g C7 − f C1 − i C4 (S91)

C8 τ−1
2 = g C8 − f C2 − i C5 (S92)

C9 τ−1
3 = g C9 − f C3 − i C6 (S93)

The general method to further simplify the expressions is sim-
ilar to that explained for model-2 and also the boundary condi-
tions are the same as for model-2, i.e. equation S56–S58. Ex-
pressions for the C1–C9 under all boundary conditions can be
obtained but were not derived here because they are expected
to be extremely bulky. Also the C1–C3 under conditions with
[add1]0=0 and [add2]0=0 are rather complicated. We therefore
only give equations for the ratios C1,2 and C3,2 of the coeffi-
cients that are necessary to analyze the OH decays:

C1/2 =
(τ−1

3 − τ−1
2 )(

√
bchi+

√
e f (d − τ−1

1 ))

(τ−1
1 − τ−1

3 )(
√

bchi+
√

e f (d − τ−1
2 ))

× (S94)

(
√

e f hi+
√

bc(g− τ−1
1 ))(

√
hi(d +g− τ−1

1 − τ−1
3 )−

√
bce f )

(
√

e f hi+
√

bc(g− τ−1
2 ))(

√
hi(d +g− τ−1

2 − τ−1
3 )−

√
bce f )

C3/2 =
(τ−1

1 − τ−1
2 )(

√
bce f −

√
hi(d +g− τ−1

1 − τ−1
3 ))

(τ−1
3 − τ−1

1 )(
√

bce f −
√

hi(d +g− τ−1
1 − τ−1

2 ))
×

(S95)
(
√

bchi+
√

e f (d − τ−1
3 ))(

√
bc(g− τ−1

3 )+
√

e f hi)

(
√

bchi+
√

e f (d − τ−1
2 ))(

√
bc(g− τ−1

2 )+
√

e f hi)

No attempt was made to directly convert the five curve param-
eters of triexponential decay curves to the six coefficients a, d,
g, bc, e f and hi because no unique relationship is possible for
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all of them. An exception is a where equation S68 also applies
for model-3. Basically this explains why the kOH and k2 were
found to be identical for model-2 and model-3, as outlined in
the main paper.

Note that by setting hi = 0 in equations S94 and S95, equa-
tions S65 and S66 are obtained, while setting e f = 0 gives
slightly different expressions for the limiting case where add2
is formed only by isomerization:

C1/2 =
(d − τ−1

1 +g− τ−1
3 )(g− τ−1

1 )(τ−1
3 − τ−1

2 )

(d − τ−1
2 +g− τ−1

3 )(g− τ−1
2 )(τ−1

1 − τ−1
3 )

(S96)

C3/2 =
(d − τ−1

3 +g− τ−1
1 )(g− τ−1

3 )(τ−1
2 − τ−1

1 )

(d − τ−1
2 +g− τ−1

1 )(g− τ−1
2 )(τ−1

1 − τ−1
3 )

(S97)

S4 Fit functions

As described in the Experimental section of the main pa-
per, the recorded data were count numbers N of photons
binned into variable time intervals [t1, t2] after the initial for-
mation of OH. The OH concentration is proportional to a time-
dependent count rate S, i.e. S(t) ∝ [OH](t). The background
is determined by a time-independent count rate SB. For a bi-
exponential curve (model-1) this leads to:

N(t1, t2) =
∫ t2

t1
S(t) +SB dt (S98)

=
∫ t2

t1
S1 exp(−t/τ1)+S2 exp(−t/τ2)+SB dt

=
S1

τ−1
1

exp(−t2/τ1){exp(∆t/τ1)−1} (S99)

+
S2

τ−1
2

exp(−t2/τ2){exp(∆t/τ2)−1}+SB∆t

∆t is the interval t2 − t1. Moreover, the terms contain a factor
S0 = S1 +S2 ∝ C1 +C2 = [OH]0 that can be cancelled out:

N(t2,∆t) = SB∆t +S0 × (S100)[
C1/2

1+C1/2

exp(−t2/τ1)

τ−1
1

{exp(∆t/τ1)−1}

+
1

1+C1/2

exp(−t2/τ2)

τ−1
2

{exp(∆t/τ2)−1}

]
The factors S0 and SB, are two additional fit parameters for
each curve. The interval width ∆t was introduced here explic-
itly because of the data compression that led to an increase of
∆t with t2 (1.2 ms at the very beginning and stepwise increas-
ing exponentially up to 0.6 s until the end of the observation
at 5 s). Normally, a constant ∆t can be cancelled out in good
approximation if it is small against the lifetimes τi:

exp(∆t/τi)−1
τ−1

i
≈ ∆t for ∆t/τi ≪ 1 (S101)

In the case of a triexponential curve (e.g. model-2) a corre-
sponding equation applies:

N(t2,∆t) = SB∆t +S0 × (S102)[
C1/2

1+C1/2 +C3/2

exp(−t2/τ1)

τ−1
1

{exp(∆t/τ1)−1}

+
1

1+C1/2 +C3/2

exp(−t2/τ2)

τ−1
2

{exp(∆t/τ2)−1}

+
C3/2

1+C1/2 +C3/2

exp(−t2/τ3)

τ−1
3

{exp(∆t/τ3)−1}

]

S5 Numerical simulations

The absolute differences of the fitted model-1 and model-2
curves in Fig. 1 of the main paper are admittedly minor. On
the other hand, the observed values of χ2/DOF clearly indi-
cate the advantage of model-2 and model-3 fits. To rule out
that these improvements were caused by the greater flexibility
of triexponential curves to compensate the effects of interfer-
ing radical-radical reactions or diffusion processes, we made
numerical simulations with a FACSIMILE based IDL applica-
tion8. These simulations were also used to learn more about
mutual dependencies of fit parameters and their errors.

S5.1 Radical-radical reactions

An extended, partly hypothetical mechanism was applied to
consider the effects of radical-radical reactions. Correspond-
ing rate constants are summarized in Table S1. The underlying
base mechanisms B1 and B2 refer to model-1 and model-2 un-
der conditions of experiment 10 (Table 1, main paper), leading
to ideal biexponential and triexponential decay curves, respec-
tively. Radical-radical reactions were considered by the ex-
tended mechanism E in Table S1. Literature data for reactions
E04–E06 and E09–E16 were not available and were assumed
to be fast, with a rate constants of 5×10−11cm3s−1.

Inclusion of the reactions of E at starting concentrations
[OH]0=[H]0=1×1010cm−3 and also taking into account pho-
tolysis products of 1,3,5-TMB (Experimental section, main
paper), led to slightly different OH decay behaviour, depen-
dent on 1,3,5-TMB concentrations. In order to assess these
differences quantitatively in terms of the fit procedure applied
in this work, we further processed the calculated OH con-
centration data to simulate the actual measurements as fol-
lows. First, the OH concentrations were converted to count
rates matching those of experiment 10 including the measured
background count rate. Second, count rates were interpolated
to measurement times and multiplied by interval widths to ob-
tain count numbers. Third, random noise was added depen-
dent on count numbers according to the Poisson distribution.
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Fourth, the procedure was repeated and count numbers were
accumulated to simulate repeated measurements. The result-
ing data for different 1,3,5-TMB concentrations were then an-
alyzed using the same fitting procedure as for the experimental
data. It was found that repeated simulations of that kind led
to some variations in fit parameters and fit qualities, as would
also be the case for real measurements. Measurement simula-
tions and fits were therefore repeated 100 times to obtain mean
values and standard deviations of all fit parameters. These re-
sults are listed in Table S2.

In a first test the data from the base mechanism B1 in Ta-
ble S1 were used. Model-1 and model-2 fits gave the same
results in accordance with the simulation inputs (compare B1
entries for model-1 and model-2 in Table S2). Differences
of fit results and qualities were insignificant. Thus model-2
fits converged to model-1 because experimental scatter can-
not be compensated by the additional adjustable parameters
of model-2. However, occasionally model-2 fits failed to con-
verge to physically meaningful values, i.e. positive rate con-
stants. The results χ2/DOF≈1.0 for both models confirm that
the simulated experimental scatter was considered correctly in
the fits.

In a second test the data from the mechanism B1+E includ-
ing radical-radical reactions were fitted. Model-1 and model-2
gave similar results with minor differences (Table S2). The fit
quality of model-1 was somewhat poorer with χ2/DOF≈1.1
and fitted rate constants were lower than the simulation inputs
by 3–4%. Thus, we cannot exclude that radical-radical reac-
tions could have a minor influence under the conditions of this
work. The model-2 fit results show that the small deviations
produced by the radical-radical reactions can indeed be com-
pensated by model-2 as indicated by the unchanged fit quality
for B1+E. The result corresponds to an about 4% yield of an
apparent second adduct with a slower loss rate constant. How-
ever, the effect is much too small to explain the experimentally
found differences of OH rate constants and fit qualities. This is
demonstrated in Fig. S1, where the resulting residuals of mea-
sured and simulated decay curves are plotted. These residuals
correspond to the differences between measurements (or sim-
ulations) and fits as in Fig. 1 of the main paper. In contrast to
the experimental residuals obtained with model-1 (left hand,
upper panel), the effect of the radical-radical reactions on the
simulated model-1 curves (left hand, middle panel) is minor
in accordance with the small increase of χ2/DOF.

In a third test the data from the base mechanism B2 were fit-
ted. In this case the fit quality of model-1 decreased strongly
to χ2/DOF≈2.3 while that for model-2 expectedly remained
at unity and gave the correct results. Finally, the data of the
B2+E mechanism were used. This led to a further slight de-
crease of the fit quality of model-1 while that of model-2
remained unchanged, i.e. the effects of radical-radical reac-
tions were again compensated by model-2. However the rate

constants changed insignificantly compared to those obtained
with B2. Thus, radical-radical reactions are unlikely to pro-
duce the strong deviations observed in the case of model-1 and
the estimated effects are well within the experimental error
limits. Note also that the experimental residuals for model-1
fits were reproduced very well by the B2 simulations as shown
in the lower, left hand panels of Fig. S1.

S5.2 Diffusion processes

To simulate diffusion effects, we assumed a two-dimensional
Gaussian type cylindrical concentration profile of OH pro-
duced by the flash lamp at t=0 (Experimental section, main
paper). This distribution had an estimated FWHM of 5 cm and
was constrained to a diameter of 5 cm in the plane of detec-
tion caused by the limited size of the entrance window. Only
molecular diffusion processes were considered because on the
time scale of the experiments, where OH was detectable for
less than 1 s, advection was estimated to be negligible at flow
velocities well below 1 cm s−1.

A constraint of the numerical model was that only one diffu-
sion coefficient could be applied for all species. We therefore
made the worst case assumption that all species exhibit a dif-
fusion coefficient as large as OH in helium under the lowest
pressure employed in this work, corresponding to a diffusion
coefficient9 of about 2.3 cm2s−1. Moreover, we assumed that
only the centre of the distribution corresponds to the detection
zone determined by the overlap of the volume illuminated by
the resonance lamp and that observed by the detector. To ver-
ify the numerical procedure, we first made simulations for a
simpler chemical model producing monoexponential decays
in the absence of diffusion. The resulting decay curves in-
cluding diffusion, based on unlimited one-, two- and three-
dimensional Gaussian-type starting distributions, agreed with
known analytical solutions for this scenario10.

The simulations including diffusion were evaluated as de-
scribed in the previous section. The results are listed in Table
S2 and marked with B+D. It turned out that the influence of
diffusion on the OH decays is significant but that the fitted rate
constants of the base mechanisms B1 and B2 were hardly af-
fected except for the first order loss rate constants of OH and
the adducts that were increased by up to 1 s−1. Thus under
the employed conditions diffusion losses in good approxima-
tion led to an increase of the first-order background loss rate
constants but do not alter the overall result by pretending a
different chemical mechanism. Finally, simulating diffusion
and radical-radical reactions together (B+E+D) by chance re-
sulted in slightly better agreements with the base mechanisms
because of apparently compensating effects.
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Table S1 Reaction mechanism for numerical simulations to investigate the potential influence of radical-radical reactions on OH decays under
conditions of experiment 10 (Table 1). Boundary conditions were [OH]0=[H]0=1×1010cm−3 and [BENZ]0=1×10−4×[TMB] from
photolysis of H2O and 1,3,5-TMB, respectively. BENZ = dimethylbenzyl radical, HADD = dimethyl cyclohexadienyl radical from H + TMB.
Rate constants of radical-radical reactions that are not available from literature were assumed to be 5×10−11cm3s−1.

reaction rate constant reference/note
Base mechanism B1 (model-1)

B11 OH + TMB → ADD 4.4×10−11cm3s−1 Table 1
B12 OH + TMB → BENZ 2.2×10−12cm3s−1 Table 1, Atkinson 11

B13 ADD → OH + TMB 40 s−1 Table 1
B14 OH → prod. 5.0 s−1 Table 1
B15 ADD → prod. 3.0 s−1 Table 1, Table 4

Base mechanism B2 (model-2)
B21 OH + TMB → ADD1 4.7×10−11cm3s−1 Table 2
B22 OH + TMB → ADD2 5.5×10−12cm3s−1 Table 2
B23 OH + TMB → BENZ 2.2×10−12cm3s−1 Table 2, Atkinson 11

B24 ADD1 → OH + TMB 57 s−1 Table 2
B25 ADD2 → OH + TMB 6 s−1 Table 2
B26 OH → prod. 5.0 s−1 Table 2
B27 ADD1 → prod. 3.0 s−1 Table 2, Table 4
B28 ADD2 → prod. 3.0 s−1 Table 2, Table 4

Extended mechanism E (model-1, model-2)
E01 OH + OH→ prod. 5.2×10−12cm3s−1 a Sander et al. 12

E02 ADD1,2 + ADD1,2→ prod. 5.0×10−11cm3s−1 b Bohn 13

E03 BENZ + BENZ→ prod. 4.0×10−12cm3s−1 c Müller-Markgraf and Troe 14

E04 OH + ADD1,2→ prod. 5.0×10−11cm3s−1 assumed
E05 OH + BENZ→ prod. 5.0×10−11cm3s−1 assumed
E06 ADD1,2 + BENZ→ prod. 5.0×10−11cm3s−1 assumed
E07 H + TMB→ HADD 7.0×10−13cm3s−1 d Sauer and Mani 15, Triebert et al. 16

E08 H + BENZ→ prod. 5.0×10−10cm3s−1 Baulch et al. 17, Ackermann et al. 18

E09 H + OH→ prod. 1.1×10−12cm3s−1 Baulch et al. 17

E10 H + H→ prod. 1.0×10−13cm3s−1 e Baulch et al. 17

E11 H + HADD→ prod. 5.0×10−11cm3s−1 assumed
E12 H + ADD1,2→ prod. 5.0×10−11cm3s−1 assumed
E13 HADD + OH→ prod. 5.0×10−11cm3s−1 assumed
E14 HADD + ADD1,2→ prod. 5.0×10−11cm3s−1 assumed
E15 HADD + BENZ→ prod. 5.0×10−11cm3s−1 assumed
E16 HADD + HADD→ prod. 5.0×10−11cm3s−1 assumed
E17 H → prod. 5.0 s−1 assumed
E18 HADD → prod. 3.0 s−1 assumed
E19 BENZ → prod. 3.0 s−1 assumed
a Rate constant for N2 buffer gas. b Rate constant for OH-toluene adducts.
c Rate constant for benzyl radicals. d Estimated from benzene, toluene and xylene rate constants.
e Literature data range between 0.5×10−13 and 2×10−13cm3s−1.
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Table S2 Model-1 and model-2 fit results and standard deviations from simultaneous fits to six simulated OH decay curves according to the
reaction mechanisms in Table S1 at different 1,3,5-TMB concentrations under conditions of experiment 10 (Table 1, main paper). Standard
deviations result from fits to 100 simulated measurements with random noise for each set of simulated OH decay curves. The agreement of the
fits with the input is taken as a validation of the respective model. B = base mechanism, B+E = base + extended mechanism, B+D = base
mechanism + diffusion, B+E+D = base + extended mechanism + diffusion.

model-1 k2 k1a + k1b k1ak−1a − k−1a + k3 −
model-2 k2 k11a + k12a + k1b k11ak−11a k12ak−12a k−11a + k31 k−12a + k32

/ s−1 / 10−11cm3s−1 / 10−10cm3s−2 / 10−10cm3s−2 / s−1 / s−1 χ2/DOF

input B1a 5.0 4.62 17.6 − 43.0 −
model-1

B1 5.01±0.05 4.59±0.08 17.5±0.5 − 43.1±0.5 − 1.00±0.09
B1+E 5.03±0.05 4.46±0.08 16.0±0.4 − 41.4±0.5 − 1.09±0.08
B1+D 5.99±0.06 4.65±0.07 18.1±0.4 − 44.9±0.5 − 1.00±0.08

B1+E+D 6.00±0.06 4.52±0.08 16.6±0.6 − 43.1±0.5 − 1.01±0.08
model-2

B1 5.03±0.05 4.59±0.08 17.5±0.5 −0.00±0.01 43.0±0.6 0.6±1.5 0.99±0.08
B1+E 5.02±0.05 4.60±0.09 17.3±0.6 0.2±0.3 45.1±1.6 11.0±4.5 1.00±0.07
B1+D 6.01±0.06 4.65±0.07 18.2±0.5 0.3±0.3 45.0±0.6 0.1±0.9 1.00±0.08

B1+E+D 6.02±0.07 4.54±0.09 16.9±0.6 0.1±0.6 44.1±1.9 3.3±5.9 1.00±0.08

input B2a 5.0 5.47 26.8 0.33 60.0 9.0
model-1

B2 5.05±0.06 4.65±0.11 17.7±0.7 − 43.8±0.7 − 2.29±0.15
B2+E 5.09±0.06 4.61±0.11 17.0±0.7 − 43.6±0.7 − 2.48±0.13
B2+D 6.03±0.07 4.91±0.09 20.1±0.7 − 48.1±0.7 − 1.58±0.11

B2+E+D 6.06±0.08 4.79±0.10 18.8±0.7 − 47.2±0.8 − 1.72±0.11
model-2

B2 5.01±0.06 5.46±0.13 26.9±1.1 0.35±0.07 60.4±1.5 9.2±0.8 0.99±0.07
B2+E 5.04±0.06 5.47±0.13 26.8±1.1 0.34±0.06 61.4±1.5 8.7±0.7 1.00±0.08
B2+D 5.99±0.07 5.45±0.13 26.6±1.3 0.30±0.10 60.1±2.3 9.8±1.7 1.01±0.09

B2+E+D 6.02±0.08 5.40±0.12 26.0±1.2 0.32±0.10 60.9±2.2 9.6±1.5 1.00±0.10
a Rate constant input to numerical simulation, Table S1.
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Fig. S1 Normalized residuals of four curves of experiment 10 with 1,3,5-TMB (323 K, 380 mbar). The differences between all data points
and fitted curves as shown in Fig. 1 (main paper) were plotted as a function of time. Upper panels: model-1 and model-2 fits to experimental
data. Middle panels: model-1 and model-2 fits to simulated data of base mechanism B1+E, including radical-radical reactions (Table S1).
Lower panels: model-1 and model-2 fits to simulated data of base mechanism B2+E, including radical-radical reactions (Table S1). The
corresponding fit parameters and qualities are given in Table S2, see B1+E and B2+E entries. The chosen examples correspond to the listed
means in Table S2.
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S5.3 Parameter correlations and error estimates

The simulated measurements of base mechanisms B1 and B2
were also used to investigate the mutual dependencies of the
fit parameters and to check if the error estimates obtained from
the experimental data are reasonable. Table S3 and S4 contain
the correlation matrices of the parameters obtained from fits
to 100 simulated experiments each. These data show that ex-
cept for k2 the parameters are highly correlated with positive
coefficients. Consequently, also the error limits listed in Ta-
bles 1 and 2 of the main paper are not independent of each
other. In the further data analysis where ratios of the param-
eters were evaluated, we therefore considered maximum and
minimum values together in order to avoid an overestimate of
the influence of the error limits.

As to the error estimates themselves, that were derived as
described in the Data Analysis section of the main paper, it
was found that their means are roughly a factor of three greater
than the standard deviations listed in Table S2 for B1 (model-
1) and B2 (model-2). The error estimates in Tables 1 and 2 are
therefore conservative and should cover additional uncertain-
ties connected with single measurements, as well as any effect
associated with radical-radical reactions or diffusion effects.

S6 1,2,3-TMB and 1,2,4-TMB measurements

With the other two TMB isomers similar sets of measurements
were performed as for 1,3,5-TMB. Experimental conditions,
as well as model-1 and model-2 fit results are listed in Ta-
bles S5 and S6 and plotted in Figs. S2 and S3. Qualitatively
the improvement of fit qualities with model-2 at temperatures
above about 300 K is comparable to that obtained with 1,3,5-
TMB. Moreover, the decrease of OH rate constants with tem-
perature is again much less pronounced for model-2 leading to
differences of up to a factor of two at the highest temperatures
employed. The model-2 kOH temperature dependencies can
be described by the Arrhenius expressions given in Table 3
of the main paper. As was also indicated in the main paper,
the apparently effective triexponential OH decays for 1,2,3-
TMB and 1,2,4-TMB can be rationalized by the assumption
that two groups of adduct isomers with different properties are
be formed. However, given the fact that already the two adduct
isomers of 1,3,5-TMB made the data analysis extremely com-
plicated and partly ambiguous, no further interpretation of the
fit results for 1,2,3-TMB and 1,2,4-TMB was attempted. On
the other hand, the kOH are expected to be insensitive towards
minor adjustments associated with the presence of more than
two adduct isomers.
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L. P. Thüner, A. Wahner, P. Wiesen, F. Zabel, R. Zellner and C. Zetzsch,
Journal of Atmospheric Chemistry, 2002, 42, 323–357.

10 | 1–15

Electronic Supplementary Material (ESI) for Physical Chemistry Chemical Physics
This journal is © The Owner Societies 2012



Table S3 Correlation matrix of model-1 parameters obtained from fits to 100 simulated measurements of the B1 base mechanism.

parameter k2 k1a + k1b k1ak−1a k−1a + k3

k2 1.0 −0.20 −0.15 −0.11
k1a + k1b −0.20 1.0 0.94 0.67
k1ak−1a −0.15 0.94 1.0 0.89

k−1a + k3 −0.11 0.67 0.89 1.0

Table S4 Correlation matrix of model-2 parameters obtained from fits to 100 simulated measurements of the B2 base mechanism.

parameter k2 k11a + k12a + k1b k11ak−11a k12ak−12a k−11a + k31 k−12a + k32

k2 1.0 −0.29 −0.23 −0.14 −0.18 −0.11
k11a + k12a + k1b −0.29 1.0 0.94 0.29 0.63 0.20

k11ak−11a −0.23 0.94 1.0 0.41 0.83 0.31
k12ak−12a −0.14 0.29 0.41 1.0 0.74 0.97

k−11a + k31 −0.18 0.63 0.83 0.74 1.0 0.65
k−12a + k32 −0.11 0.20 0.31 0.97 0.65 1.0
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Table S5 Summary of experimental conditions and biexponential model-1 fit results for experiments with 1,2,3-TMB and 1,2,4-TMB. Right:
Temperatures T , total pressures p of He, range of reactant concentrations, and number m of OH decay curves recorded. Left: Fit results and
estimated error limits from simultaneous fits to the m decay curves at different aromatics concentrations.

T /K p/hPa [aromatic]/ m k2 k1a + k1b k1ak−1a k−1a + k3

# 1012cm−3 / s−1 / 10−11cm3s−1 / 10−10cm3s−2 / s−1 DOF χ2/DOF

1,2,3-trimethylbenzene

1 275.7 750 0.5–5.7 7 12.9±1.3 3.49±0.16
0.15 0.29±0.28

0.16 8.4±9.1
4.9 409 1.29

2 283.2 380 0.5–5.2 8 12.9±1.2 3.15±0.13
0.12 0.38±0.14

0.11 5.7±2.5
1.8 468 1.85

3 289.8 380 0.5–5.2 8 10.8±0.9 3.09±0.11
0.11 0.57±0.13

0.11 6.6±1.5
1.3 468 1.71

4 295.0 380 0.5–5.7 7 8.7±0.9 3.05±0.12
0.12 0.66±0.18

0.14 7.8±2.2
1.7 409 1.39

5 295.5 750 0.5–5.7 7 9.5±0.8 3.02±0.11
0.10 0.74±0.18

0.15 8.4±2.0
1.6 409 1.43

6 297.3 380 1.0–5.7 6 9.8±1.3 2.88±0.10
0.10 0.83±0.14

0.12 9.4±1.6
1.4 350 1.55

7 297.4 750 0.5–3.8 8 7.8±1.0 2.78±0.13
0.12 0.69±0.19

0.14 8.0±2.1
1.7 468 1.28

8 302.2 380 0.5–5.2 8 8.5±0.7 2.66±0.09
0.09 0.81±0.13

0.11 7.5±1.1
1.0 468 2.18

9 309.9 380 0.5–5.2 8 7.8±0.7 2.38±0.10
0.09 0.95±0.12

0.11 7.3±0.8
0.7 468 3.22

10 317.8 380 0.5–5.2 8 7.2±0.5 2.07±0.09
0.09 1.27±0.14

0.13 9.4±0.7
0.7 468 3.12

11 324.3 750 0.5–4.7 11 5.9±0.3 1.93±0.08
0.08 1.93±0.18

0.17 14.4±0.8
0.8 645 2.12

12 331.1 750 0.5–4.8 10 5.8±0.2 1.76±0.08
0.08 2.87±0.29

0.25 23.0±1.2
1.1 586 1.90

13 337.4 750 0.5–5.0 6 5.8±0.2 1.71±0.11
0.11 4.70±0.65

0.55 37.5±2.3
2.2 350 1.38

14 338.3 380 0.9–4.8 11 6.0±0.2 1.62±0.08
0.08 4.54±0.48

0.43 38.1±2.0
1.9 645 2.14

1,2,4-trimethylbenzene

1 273.4 380 0.5–5.3 12 13.2±1.3 3.80±0.17
0.17 0.28±0.28

0.14 5.7±8.4
3.4 704 1.16

2 278.6 380 0.5–5.2 6 12.6±1.3 3.75±0.15
0.15 0.45±0.17

0.13 5.9±2.6
1.9 350 1.25

3 283.8 380 0.5–5.2 6 12.3±1.2 3.66±0.15
0.14 0.49±0.13

0.10 4.1±1.4
1.1 350 1.26

4 289.7 380 0.5–5.2 6 9.2±1.0 3.52±0.14
0.14 0.84±0.15

0.12 5.8±1.0
0.9 350 1.22

5 292.6 380 0.5–5.2 6 9.5±0.8 3.40±0.12
0.12 1.05±0.15

0.13 6.8±0.9
0.8 350 1.42

6 297.9 380 0.8–5.5 7 8.1±1.3 3.12±0.13
0.12 1.37±0.18

0.16 9.0±1.0
0.9 409 1.60

7 297.9 750 0.8–5.7 16 7.2±1.1 2.98±0.11
0.10 1.40±0.15

0.13 9.0±0.9
0.8 940 1.50

8a 304.2 750 0.7–5.6 8 6.1±1.3 2.58±0.21
0.20 1.64±0.36

0.29 9.7±1.6
1.3 468 2.06

9 314.0 750 0.7–5.6 8 6.7±0.8 1.98±0.19
0.17 1.96±0.43

0.36 13.9±1.9
1.6 468 8.05

10 321.3 380 0.8–5.4 7 7.1±0.7 1.66±0.17
0.15 2.13±0.46

0.37 17.6±1.9
1.8 409 5.18

11 332.4 750 0.7–5.5 8 6.2±0.4 1.25±0.04
0.28 3.14±0.24

1.27 33.9±1.7
7.0 468 3.24

12 337.8 380 1.6–9.2 7 7.6±0.6 1.22±0.14
0.12 4.31±1.01

0.80 48.1±4.8
4.4 409 2.21

13 340.7 380 0.8–5.3 7 6.9±0.3 1.10±0.10
0.15 3.47±0.70

0.94 45.7±4.3
6.0 409 2.15

a flash-lamp energy lowered by a factor of two
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Table S6 1,2,3-TMB and 1,2,4-TMB triexponential model-2 fit results and estimated error limits from simultaneous fits to m decay curves at
different aromatics concentrations at T > 290 K. See Table S5 for m and experimental conditions.

k2 k11a + k12a + k1b k11ak−11a k12ak−12a k−11a + k31 k−12a + k32

# / s−1 / 10−11cm3s−1 / 10−10cm3s−2 / 10−10cm3s−2 / s−1 / s−1 DOF χ2/DOF

1,2,3-trimethylbenzene

4 8.7±0.8 3.13±0.13
0.12 0.89±0.38

0.25 0.13±0.15
0.07 16.0±11.9

5.5 2.1±2.0
1.4 407 1.18

5 9.5±0.8 3.07±0.12
0.12 0.89±0.27

0.21 0.09±0.14
0.05 13.2±7.2

4.0 1.7±2.2
1.3 407 1.26

6 9.9±1.3 2.93±0.10
0.10 0.94±0.21

0.21 0.11±0.23
0.08 14.6±9.1

3.9 2.6±2.9
2.2 348 1.33

7 7.7±0.9 2.92±0.21
0.16 1.06±1.29

0.47 0.26±0.25
0.18 24.8±39.5

12.3 4.1±2.5
2.2 466 1.15

8 8.5±0.6 2.81±0.11
0.11 1.23±0.37

0.25 0.23±0.13
0.10 19.4±8.6

5.4 3.1±1.1
1.1 466 1.46

9 7.7±0.5 2.66±0.11
0.10 1.71±0.43

0.31 0.33±0.11
0.09 22.9±7.1

5.0 3.7±0.7
0.7 466 1.54

10 6.9±0.3 2.55±0.18
0.15 3.32±1.55

0.92 0.71±0.14
0.15 44.9±17.2

12.2 6.6±0.7
0.8 466 1.43

11 5.7±0.3 2.51±0.26
0.21 5.62±3.87

2.04 1.30±0.22
0.26 73.9±33.5

23.7 11.6±1.0
1.1 643 1.21

12 5.7±0.2 2.32±0.51
0.34 7.72±14.1

4.36 2.12±0.48
1.20 110±101

67.5 19.8±1.8
4.7 584 1.44

13 5.7±0.2 2.20±1.42
0.47 10.1±82.3

6.78 3.45±1.30
3.44 150±383

110 32.8±4.2
29.0 348 1.27

14 5.8±0.4 2.20±0.57
0.63 11.8±26.3

7.34 3.18±0.98
3.17 155±186

117 32.5±3.6
30.5 643 1.70

1,2,4-trimethylbenzene

5 14.7±0.9 3.36±0.12
0.12 1.27±0.18

0.17 0.11±0.04
0.04 8.4±1.3

1.1 0.6±0.2
0.2 348 1.22

6 9.8±1.1 3.24±0.13
0.13 1.69±0.25

0.21 0.15±0.14
0.08 14.4±3.8

2.4 2.4±1.3
1.0 407 1.07

7 7.3±1.0 3.10±0.11
0.11 1.75±0.24

0.21 0.22±0.17
0.10 15.8±4.5

2.8 3.0±1.3
1.1 938 1.05

8a 5.9±1.0 2.95±0.21
0.20 3.05±0.77

0.58 0.21±0.12
0.08 21.5±5.3

4.0 2.8±0.9
0.8 466 1.12

9 6.1±0.4 2.73±0.14
0.13 5.79±0.87

0.73 0.29±0.06
0.05 38.3±4.2

3.7 4.7±0.5
0.5 466 1.30

10 6.6±0.4 2.68±0.25
0.22 9.56±2.77

2.0 0.62±0.16
0.14 65.6±13

10 9.0±1.1
1.1 407 1.33

11 6.0±0.4 2.30±0.14
0.95 19.0±3.84

14.5 1.02±0.36
0.88 134±25

83 20.1±3.2
10.5 466 1.62

12 6.9±0.6 2.44±0.90
0.58 28.9±35.6

14.9 2.01±1.09
0.98 203±113

76 32.7±5.9
7.1 407 1.30

13 6.7±0.5 2.20±0.90
1.22 25.0±37.2

22.1 1.30±0.90
1.29 183±123

140 29.5±6.9
28.9 407 1.62

a flash-lamp energy lowered by a factor of two
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Fig. S2 Rate constant related fit parameters and fit qualities χ2/DOF for 1,2,3-TMB using model-1 (red) and model-2 (black, blue). Open
symbols refer to measurements at 380 mbar and filled symbols at 750 mbar. Full lines in the upper three panels correspond to fitted Arrhenius
expressions except for the red line in the first panel that shows a previous parametrization from literature. 19. The dashed blue line in the first
panel is an Arrhenius fit using model-2 data above 290 K together with model-1 data below 290 K. In the second panel temperature
independent contributions of background loss rate constants were assumed. The dashed blue lines on top of the red line in the fourth panel
indicate that models converged towards low temperatures. The dashed black line shows a theoretical optimum.
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Fig. S3 Rate constant related fit parameters and fit qualities χ2/DOF for 1,2,4-TMB using model-1 (red) and model-2 (black, blue). Open
symbols refer to measurements at 380 mbar and filled symbols at 750 mbar. Full lines in the upper three panels correspond to fitted Arrhenius
expressions except for the red line in the first panel that shows a previous parametrization from literature. 19. The dashed blue line in the first
panel is an Arrhenius fit using model-2 data above 290 K together with model-1 data below 290 K. In the second panel temperature
independent contributions of background loss rate constants were assumed. The dashed blue lines on top of the red line in the fourth panel
indicate that models converged towards low temperatures. The dashed black line shows a theoretical optimum.
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