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Section S1. Kinetic Analysis of System 7	

We first consider a relatively simple set of equations that describe the main sources and 8	

sinks for 3DMB* in our illuminated samples. 3DMB* is formed when ground-state DMB absorbs 9	

a photon (with rate constant jhv,abs) to form an excited singlet state (via SR1), which can either 10	

decay back to the ground (singlet) state (SR2) or undergo intersystem crossing to reach the 11	

excited triplet state (SR3): 12	

 DMB  +  hν  →  1DMB* (SR1)

 1DMB*  →  DMB (SR2)

 1DMB*  →  3DMB* (SR3)

The quantum yield for intersystem crossing, ΦISC, describes the fraction of singlet excited states 13	

that form triplets via SR3.  Thus, the product jhv,abs[DMB] is the rate of light absorption by DMB 14	

in the sample and the product jhv,abs [DMB]ΦISC is the rate of triplet formation. 15	

There are four main sinks for 3DMB* in our solution and LLR samples: reaction with 16	

dissolved oxygen (SR4, with rate constant ∗), chemical reaction with phenol (SR5, 17	

with rate constant ∗), physical quenching by phenol (SR6, with an apparent rate 18	

constant kQ), and unimolecular decay back to the ground state, e.g., via phosphorescence (SR7, 19	

with rate constant k’3DMB*).  20	

Electronic Supplementary Material (ESI) for Environmental Science: Processes & Impacts.
This journal is © The Royal Society of Chemistry 2017



	

	 2

 3DMB* +  O2  →  DMB  + 1O2
* (SR4)

 3DMB* +  PhOH  →  products (SR5)

 3DMB* +  PhOH  →  DMB  +  PhOH (SR6)

 3DMB* →  DMB (+ hν’) (SR7) 21	

It is likely that SR6 is a net reaction that involves reaction SR5 to form a phenoxyl radical, 22	

followed by reduction of this radical back to PhOH.1 23	

From the seven reactions above we can derive expressions for the steady-state 24	

concentration of 3DMB*, [3DMB*], and for the pseudo-first-order rate constant for loss of PhOH, 25	

k’PhOH.  The value of [3DMB*] is determined by equating the formation and loss rates for the 26	

triplet 27	

 , DMB Φ

∗	 O 	 ∗ PhOH

’ ∗ DMB∗  

(S1)

and then re-arranging to 28	

 
DMB∗ , DMB Φ

∗	 O ∗ PhOH ’ ∗

 
(S2)

Rearranging Equation 3 in the main text we can express the background-corrected rate constant 29	

for phenol loss due to reaction with 3DMB*, i.e., k’PhOH – jPhOH: 30	

 ∗ DMB∗  (S3)

Substituting the DMB triplet steady-state concentration from S2 into S3 yields 31	

 ∗ , DMB Φ

∗ O ∗ PhOH ’ ∗
 

(S4)
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There are two limiting cases for this background-corrected rate constant. The first is 32	

when dissolved oxygen is the dominant sink for 3DMB*, i.e., at low phenol concentrations when 33	

∗[O2] >> ∗ [PhOH]	 	 ’ ∗.  In this case Equation S4 simplifies 34	

to an expression that is independent of the phenol concentration: 35	

 ∗ , DMB Φ

∗ O
 

(S5)

The second limiting case is when phenol is the dominant sink for the triplet and S4 36	

simplifies to 37	

 ∗ , DMB Φ

∗ PhOH
 

(S6)

In this case the steady-state concentration of 3DMB* decreases with increasing phenol 38	

concentration (because PhOH is the major sink) and thus the rate constant for phenol loss is 39	

inversely proportional to [PhOH].  40	
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Section S2. Kinetic Explanation of the Slopes in Figure 1 41	

Figure 1 shows the apparent rate constant for PhOH loss, k*
PhOH, as a function of the 42	

DMB concentration for both ice and solution samples. Here we derive an equation to describe 43	

this relationship.  We start with equation S4, rearranged slightly, in solution where O2 is the 44	

dominant sink for the triplet state of DMB: 45	

 
,

∗ , Φ

∗ O 	
DMB ,  

(S7)

To remove any influence of variations in photon fluxes between experiments we divide each 46	

term by j2NB and make the substitutions from equations 4 and 5: 47	

 
,

∗ ∗ , Φ

∗ O 	
DMB ,

∗  
(S8)

This is the general equation for the solution line in the plot of k*
PhOH versus [DMB] in Figure 1, 48	

with a slope equal to the term in parentheses and a y-intercept equal to j*
PhOH. Following a similar 49	

procedure, we can derive the analogous equation for the liquid-like regions of the ice samples:  50	

 
,

∗ ∗ , Φ

∗ O
DMB ,

∗  
(S9)

Since the x-axis of Figure 1 is the concentration of DMB in the initial solution (prior to freezing), 51	

we make the substitution [DMB]LLR = F[DMB]LIQ (where F is the freeze concentration factor) to 52	

yield 53	

 
,

∗ ∗ , Φ

∗ O
DMB ,

∗  
(S10)

This allows us to consider the ice rate constant for PhOH loss in terms of the initial solution 54	

concentration of DMB, as in Figure 1.    55	
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Using the slope terms from Equations S8 and S10 we can compare the ratio of the ice and 56	

liquid slopes in Figure 1: 57	

 ∗ , Φ
∗ O 	

∗ , Φ
∗ O 	

 

(S11)

There are likely two main variables that determine the difference in the LLR and LIQ 58	

values for the parameters in Equation S11: ionic strength (which is much higher in the LLRs 59	

compared to solution) and temperature (which is 15 C lower in the LLRs compared to solution).  60	

Since the 3DMB* reactions in our system involve only neutral species (i.e,. 3DMB*, PhOH, and 61	

O2), the impact of ionic strength is likely to be small.  As for temperature, we do not know the 62	

temperature dependencies for the numerator and denominator in Equation S11, but here we 63	

examine the likely dependencies for individual terms.  First, as discussed for Equation 10 in the 64	

main text, the second-order rate constant kPhOH+3DMB* appears to have no significant temperature 65	

dependence based on solution kinetics of PhOH + 3DMB* between 20 and 5 C (Smith ref).  66	

Second, while we are unable to find data on the temperature dependence of the O2 + 3DMB* 67	

reaction, activation energies (Ea) for the reaction of O2 with four other triplet states in toluene2 68	

are all small, near 10 kJ mol–1.  If Ea for kO2+3DMB* is similar, this rate constant at -10C would be 69	

only 30% smaller than the value at 5 C.  Based on these values, the ratio of these rate constants 70	

in Equation S11 is approximately unity, i.e.,  71	

 ∗
∗

∗
∗

1 

(S12)

Similarly, j2NB is independent of both temperature and phase:3  72	
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 1

1 1 

(S13)

We expect that the rate constant for light absorption by DMB, jhν,abs, is similarly independent of 73	

temperature, i.e.,  74	

 ,

,
1 

(S14)

This is because the two components of jhν,abs, the photon flux and DMB molar absorptivities, are 75	

essentially independent of T in our narrow range.  76	

 Making the three substitutions above into Equation S11 yields a ratio of slopes in Figure 77	

1 of  78	

 Φ
O
Φ
O

Φ
O
Φ
O

 

(S15)

Thus the ratio of the ice to liquid slopes is equal to the freeze-concentration factor modified by 79	

any change between liquid-like regions and solution in the quantum yield for intersystem 80	

crossing and the O2 concentration.  We do not know if either ΦISC or [O2] are significantly 81	

different between LLRs and solution, so the importance of these factors is unclear.  For the latter 82	

term, if a liquid-like region at – 10 C is in contact with air then its dissolved O2 concentration is 83	

30% higher than in an air-saturated solution at 5 C (Section S3 below).  However, micro-CT 84	

imaging shows that LLRs in our ice samples tend to be wrapped around internal gas bubbles 85	

whose composition is unknown.4  If the partial pressure of O2 in these bubbles is not equal to the 86	

atmospheric value then the LLR concentration of dissolved O2, and the ratio of the slopes in 87	

equation S15, will vary accordingly.  88	
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Table S1. Summary table of measured values of k*
PhOH and j*

PhOH, and the corresponding 89	

calculated value of FEXP. All error values are 1 standard error (SE), propagated from values of 90	

j2NB and from k*
PhOH and j*

PhOH for ice and liquid samples (see text for more details). The 91	

standard condition for each experiment is 100 nM PhOH, 100 nM DMB, 2 mM total solute 92	

concentration, pH 4, and a temperature of -10 °C for ice and 5 °C for solution. In each set of 93	

tests, the test variable is changed while the remaining variables are kept at standard condition.  94	

Phenol 
(nM) 

k*
PhOH  

(s-1/s-1) 
SE 

k*
PhOH 

j*
PhOH  

(s-1/s-1) 
SE j*

PhOH FEXP SE FEXP 

-10 °C Phenol Dependence Test 
10 5.9E-02 1.2E-02 1.3E-02 3.3E-03 57 30 
50 1.3E-01 1.8E-02 6.4E-03 8.1E-04 97 19 
100 1.1E-01 1.2E-02 7.2E-03 2.3E-03 85 17 
500 8.4E-02 1.3E-02 1.6E-03 1.5E-04 120 41 

5 °C Phenol Dependence Test 
10 1.1E-03 3.9E-04 2.7E-04 4.7E-05 N/A N/A 
50 1.3E-03 1.6E-04 8.8E-05 9.7E-06 N/A N/A 
100 1.4E-03 2.0E-04 1.9E-04 2.6E-05 N/A N/A 
500 1.1E-03 1.7E-04 4.4E-04 9.5E-05 N/A N/A 

DMB 
(nM) 

k*
PhOH  

(s-1/s-1) 
SE 

k*
PhOH 

j*
PhOH  

(s-1/s-1) 
SE j*

PhOH FEXP SE FEXP 

-10 °C DMB Dependence Test 
0 1.3E-02 3.3E-03 1.4E-02 2.5E-03 N/A N/A 
5 1.1E-02 1.5E-03 1.4E-02 2.5E-03 N/A N/A 
10 2.7E-02 1.2E-02 1.4E-02 2.5E-03 170 170 
15 1.8E-02 5.0E-03 1.4E-02 2.5E-03 43 54 
20 2.8E-02 2.9E-03 1.4E-02 2.5E-03 92 52 
50 3.8E-02 8.7E-03 1.4E-02 2.5E-03 6 38 
100 5.9E-02 1.2E-02 1.4E-02 2.5E-03 57 32 

5 °C DMB Dependence Test 

0 2.7E-04 4.7E-05 2.7E-04 4.7E-05 N/A N/A 
50 1.1E-03 1.6E-04 2.7E-04 4.7E-05 N/A N/A 
100 1.1E-03 3.9E-04 2.7E-04 4.7E-05 N/A N/A 
150 2.1E-03 3.1E-04 2.7E-04 4.7E-05 N/A N/A 
200 2.4E-03 3.9E-04 2.7E-04 4.7E-05 N/A N/A 

	 	95	
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Table S1, continued 

TS (mM) 
k*

PhOH  
(s-1/s-1) 

SE 
k*

PhOH 
j*

PhOH  
(s-1/s-1) 

SE j*
PhOH FEXP SE FEXP 

-10 °C Total Solute Concentration Dependence Test 
0.1 1.1E-01 2.0E-02 7.1E-03 1.3E-03 110 25 
2.0 1.1E-01 1.2E-02 7.2E-03 2.3E-03 85 17 
20.0 1.1E-01 1.6E-02 3.9E-03 1.1E-03 214 46 

5 °C Total Solute Concentration Dependence Test 
0.1 1.2E-03 7.7E-05 3.2E-04 2.4E-05 N/A N/A 
2.0 1.1E-03 3.9E-04 2.7E-04 4.7E-05 N/A N/A 
20.0 9.2E-04 7.1E-05 4.3E-04 1.9E-05 N/A N/A 
5400 4.4E-03 2.4E-04 2.1E-03 4.8E-04 N/A N/A 

Temp 
(°C) 

k*
PhOH  

(s-1/s-1) 
SE 

k*
PhOH 

j*
PhOH  

(s-1/s-1) 
SE j*

PhOH FEXP SE FEXP 

Temperature Dependence Test 
5 1.08E-03 3.92E-04 2.69E-04 4.73E-05 N/A N/A 
-5 8.39E-02 1.29E-02 2.66E-03 3.10E-04 67 15 
-10 1.10E-01 1.17E-02 7.21E-03 2.26E-03 85 17 
-15 8.39E-02 1.29E-02 1.99E-03 1.07E-04 68 15 
-20 1.10E-01 1.17E-02 2.41E-03 1.47E-04 89 18 

pH 
k*

phenol 
(s-1/s-1) 

se k*
phenol 

j*
phenol 

(s-1/s-1) 
se j*

phenol FEXP se FEXP 

-10 °C pH Dependence Test 
3 1.60E-01 3.36E-02 1.06E-02 1.93E-03 86 24 
4 1.10E-01 1.17E-02 7.21E-03 2.26E-03 85 17 
5 6.32E-03 1.15E-03 6.17E-04 5.42E-05 190 370 

5 °C pH Dependence Test 
3 1.92E-03 2.68E-04 1.88E-04 1.29E-05 N/A N/A 
4 1.08E-03 3.92E-04 2.69E-04 4.73E-05 N/A N/A 
5 2.48E-04 2.87E-05 2.17E-04 5.31E-05 N/A N/A 

 96	

Average (± 1 σ) FEXP for all experiments = 95 ± 50 97	

  98	
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Section S3.  Calculation of 3DMB* sinks in ice 99	

  As shown in Equation S2, the expression for the triplet concentration has a denominator 100	

that represents the total rate constant for loss of 3DMB*. Under our conditions oxygen is the main 101	

sink for 3DMB*,1, 5 with an approximate rate constant in solution at room temperature of 2 × 109 102	

M-1 s-1.1, 6-8  103	

  We estimate the dissolved oxygen concentration within ice LLRs using Henry’s Law: 104	

 O  (S16)

where pO2 represents the partial pressure of O2 above the LLRs (which we assume is 0.21 atm, 105	

the atmospheric value) and KH represents the Henry’s Law constant, which is a function of 106	

temperature:9 107	

 
K T K exp

∆ H 1
T

1
T

 
(S17)

In this equation T  is the Henry’s Law constant at temperature T;  is the Henry’s Law 108	

constant (1.3 × 10-3 M atm-1)10 at reference temperature T  (298.15 K); ∆ H is the enthalpy of 109	

dissolution (12.06 ± 0.04 kJ mol-1)11; and R is the ideal gas constant (8.314 J K-1 mol-1).12 110	

Calculated values of T  at 5 °C (solution) and –10 °C (ice) are 1.8 × 10-3 M atm-1 and 2.4 × 111	

10-3 M atm-1, respectively.  These values result in O2 concentrations in air-saturated water of 390 112	

and 520 μM at 5 C and –10 C, respectively, corresponding to kO2+3DMB*[O2] values of 7.8 × 105 113	

s-1 (i.e., a triplet lifetime of 1.3 μs) and 1.0 × 106 s-1 (i.e., a triplet lifetime of 1.0 μs), respectively. 114	

PhOH is a secondary sink for the DMB triplet in our system. Its concentration in ice 115	

LLRs can be estimated by multiplying its solution concentration by the freeze concentration 116	

factor at a given ice temperature and solution total solute concentration. Under our standard 117	

condition (2.0 mM TS, pH 4, -10 °C, 100 nM PhOH), the calculated FFPD is 2.8 × 103 (see 118	

Equation 7 in the main text), while the average measured FEXP is 77 ± 11.  These freeze-119	
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concentration factors give PhOH concentrations in the ice LLRs of 280 μM and 7.7 μM, 120	

respectively, corresponding to first-order rate constants of 3DMB* loss via PhOH of 1.8 × 105 s–1 121	

and 4.8 × 103 s–1, respectively.  Assuming that O2 and phenol are the only sinks for the DMB 122	

triplet in our LLRs, phenol would account for 18% of the triplet loss if FFPD is the correct factor, 123	

but only 0.48% of triplet loss if FEXP is the correct value.  Our results showing that k*
PhOH is 124	

independent of [PhOH] (Figure 2) indicate that PhOH is a minor sink for 3DMB*, consistent with 125	

the calculation above using the measured value of FEXP.  126	
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Section S4. Relationship between 1O2
* and 3DMB* 127	

The primary sink for 3DMB* in solution is reaction with O2 to form 1O2
*, which is the 128	

source of 1O2
* in our samples. In turn, the major sink for 1O2

* in solution is deactivation with 129	

water, resulting in a steady-state equation for solution 1O2
* of 130	

 
O∗

∗ DMB∗ O

∗ H O

∗ DMB∗ O
 

(S18)

where ∗ 	 and ∗ are second-order rate constants and k’
H2O is the pseudo-first-131	

order rate constant for 1O2
* loss due to water. 132	

Substituting [3DMB*]LIQ calculated by Equation S2 into Equation S18 yields 133	

 O∗

∗ , Φ DMB O

	 ∗	 O ∗ PhOH ’ ∗

 

(S19)

Since O2 is the dominant sink for 3DMB* in our samples, Equation S19 simplifies to 134	

 
O∗

∗ , Φ DMB O

	 ∗ O
, Φ DMB

 
(S20)

where the numerator on the right-hand side of this equation is the rate of DMB triplet formation.  135	

We can derive an analogous equation for the concentration in LLRs 136	

 O∗ , DMB  (S21) 137	

These equations indicate that singlet oxygen in solution or LLRs should be independent 138	

of the dissolved O2 concentration as long as oxygen is the major sink for the DMB triplet. Thus, 139	

under conditions where O2 is the dominant sink of 3DMB*, the steady-state concentration of 140	

triplet will decrease as the dissolved O2 concentration increases (Equation S2).  However, the 141	

steady-state concentration of 1O2
* is independent of the dissolved O2 concentration as long as O2 142	
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remains the dominant sink (Equation S20). Thus, when O2 is the major sink for a triplet, changes 143	

in dissolved oxygen levels in LLRs (and other ice reservoirs) will affect the concentration of 144	

triplet excited state but not alter the singlet molecular oxygen level. 145	

  146	
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 147	

Figure S1. Compilation of freeze-concentration factors (F values) for the five different types of 148	

experiments performed. Solid black circles are calculated values of FFPD from freezing point 149	

depression while the green triangles are FEXP values determined from experiments. 150	

  151	
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