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m METHODS

Selection of Methods. In this work, at least 40 pathways have been calculated for the
title reactions. Although the calculated time of energies for every stationary point needed for
high-accuracy methods were not too long, the cumulative time for all of these stationary
points were huge and not neglectable. Thus, the developments of a suitable method to balance
the relationship between the computational accuracy and the computational expensive were
very necessary.

In this study, the results obtained at the quadratic configuration interaction with single,
double and triple excitations [QCISD(T)] methods were selected from the reference (Wu et al.,
2003) (Table S1). The QCISD(T) method, a costly single-point energy (SPE) calculation
method coupled with a large basis set [6-311+G(3df,2p)], could effectively minimize the error
from the correlation of electrons and spin contamination effect in SPE calculation (Szabo et
al., 1997). The computational results indicated that the values of PMP2//MP2 level are more
closer to the values of QCISD(T) level than those of MP2//MP2 level, within the error limit of

0.47 kcal/mol. Thus, to meet the need of both high accuracy and low computational cost, the
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PMP2//MP2 level was selected to carry out the calculation of the mechanisms and kinetics.

m RESULTS AND DISCUSSION

Energies. For the pathways of F-Rups.cl, Cl-Raps.cl, F-Raps-Br, Cl-Raps.pr and Br-Rgps.p;, the
energy barrier heights were obtained respectively as 1.88, 1.83, 1.34, 0.94 and 3.24 kcal/mol
without the ZPE corrections, but the data become negative via the ZPE correction. For
testifying the negative energy barrier height, the formula E, 293 = AEr* + RT was used as a
simple estimation of the activation energy (Pacey, 1981), where AET = Vg + AZPE + AE(T),
Vs and E(T) represent the energy barrier height and thermal energy correction. The estimated
activation energies of the pathways of F-Raps.ci, Cl-Rabs-c1, F-Raps-Br, Cl-Rapspr and Br-Rps pr
were —2.92, —4.72, -2.78, —4.00 and —4.01 kcal/mol, respectively, which implied that all the
aforementioned pathways could be nearly barrierless (Ji et al., 2008).

Rate Constants. The canonical variational transition state theory (CVT) (Truhlar et al.,
1980) rate constant can be obtained by variationally minimizing the generalized

transition-state theory rate constant k%' (7s) with respect to the dividing surface at s, that is,

kCVT(T) = minkGT(T,s) (1)
where

GT _iQGT(tas) _

k™ (T,s)= W ONT) eXp[—SV yzp ()] (2)

In these equations, s is the location of the generalized transition state on the intrinsic
reaction coordinate (IRC); o is the symmetry factor accounting for the possibility of two or
more symmetry-related reaction paths; 8 equals (kg7)" where kg is Boltzmann’s constant, 7 is
Planck’s constant; ON(T) is the reactant’s partition function per unit volume, excluding
symmetry numbers for rotation; Vygp(s) is the classical energy along the minimum-energy
path (MEP) overall zero of energy at the reactants; QGT(T,S) is the partition function of
generalized transition state at s with the local zero of energy at Vygp(s) and with all rotational
symmetry numbers set to unity. To include the tunneling effect, the CVT rate constant is
multiplied by a transmission coefficient computed with the small-curvature tunneling (SCT)
(Liu et al., 1993) approximation, which is denoted by A(CVT/SCT). The total rate constants

for the title reactions are obtained from the sum of the individual rate constants associated.



Branching Ratio. The branching ratio I' of each pathways was determined on the following

equation, I' =~

7 an

n

, where £, is the reaction rate constants of nth pathway. In this work, the

total CVT/SCT rate constants for each atmospheric reaction were obtained as the sum of the
individual rate constants associated with the H-abstraction and X-addition pathways.

The Atmospheric Fate of CICO Radical. To confirm the no barrier of these processes, the
point-wise potential curve was calculated and the results is shown in Figure S7-S9. For the
pathways 2 and 3, the forming C—O bonds were fixed at the values from 1.1 to 2.7 A and from
1.2 to 3.2 A with the interval of 0.1 A, respectively, and the other geometric parameters were
optimized for each C—O value. The minimum energy in these two pathways appeared at the
C-O distance of 1.4 A, leading to intermediates tran-C1CO; and cis-CICOs, respectively. As
for the pathway 4, the forming C—C1 bond was fixed at the values from 1.3 to 4.5 A with the
interval of 0.1A, and the other geometric parameters were optimized for each C—Cl value. The

minimum energy appeared at the C—Cl distance of 1.8 A, leading to phosgene.



—> CICFO + H F-Reim-cni
HCO)CIFE{_» rcHO + CI F-Reim-c2
L HF + CICO F-Reim-c13

Scheme S1. For the addition intermediate HC(O)CIF, three degradation pathways:
H-elimination, Cl-elimination, and HF-elimination pathways
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Figure S1. Optimized geometries of reactants, transition states and products involved in the H-abstraction pathways at the MP2/6-311G(d,p)
level as well as the available experimental data. (Groner et al., 2001; Huisman et al., 1979; Nagai et al., 1981; NIST). (Bond lengths are in A and
angles are in °.)
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Figure S2. Optimized geometries of reactants, transition states, intermediates and products involved in the X-addition pathways at the
MP2/6-311G(d,p) level. (Bond lengths are in A and angles are in °.)
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Fig. S3. Plot of the CVT/SCT rate constants calculated at the PMP2//MP2 level and the
available experimental values vs 1000/T between 200-368 K for the H-abstraction pathways
of (a) FCHO with F, (b) FCHO with Cl, and (c) CICHO with CI. Exptl. 1 from (Behr et al.,
1998); Exptl. 2 from (Behr et al., 1993); Exptl. 3 from (Meagher et al., 1997); Exptl. 4 from
(Hasson et al., 1998); Exptl. 5 from (Francisco et al., 1990); Exptl. 6 from (Edney et al., 1992);
Exptl. 7 from (Wallington et al., 1992); Exptl. 8 from (Bednarek et al., 1996); Exptl. 9 from
(Meagher et al., 1997); Exptl. 10 from (Sanhueza et al., 1975); Exptl. 11 from (Libuda et al.,
1990); Exptl. 12 from (Wallington et al., 1996); Exptl. 13 from (Orlando, 1999); Exptl. 14
from (Catoire et al., 1996).
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Figure S4. Plot of calculated branching ratio of the H-abstraction and X-addition pathways versus 1000/7 between 200 and 368 K for the reactions
of (a) FCHO with F, (b) CICHO with F, (c) BrCHO with F, (d) FCHO with Cl, (e) CICHO with Cl, (f) BrCHO with Cl, (g) FCHO with Br, (h)
CICHO with Br and (i) BrCHO with Br.
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Figure S5. Potential energy curve for the formative process of trans-CClO; at the MP2/6-311G(d,p)
level. The dotted line denotes the relative energy of CICO + O,.
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Figure S6. Potential energy curve for the formative process of cis-CClOs at the MP2/6-311G(d,p)

level. The dotted line denotes the relative energy of CICO + Os.
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Table S1. The potential energies (AE) of the selected reaction pathways at the various levels. (in kcal/mol)

°MP2//MP2 YPMP2/MP2 °QCISD(T)/MP2  "QCISD(T)//MP4 £ MP4//MP2
TF-Raps.r 3.06 1.29 1.76 1.51 2.9
°F-Rqd.r 15.37 6.20 5.1 5.8 6.4

* The H-abstraction of the reaction of FCHO with F atom;

® The X-addition of the reaction of FCHO with F atom;

¢ The values at the MP2/6-311+G(3df,3pd)//MP2/6-311G(d,p) calculated by this work;

4 The values at the PMP2/6-31 1+G(3df,3pd)//MP2/6-311G(d,p) calculated by this work;

¢ The values at the QCISD(T)/6-311+G(3df,2p)//MP2/6-311+G(d,p) calculated by Wu et al.;(Wu et al., 2003)
"The values at the QCISD(T)/6-31 1+G(3df,2p)//MP4SDQ/6-311+G(d,p) calculated by Wu et al.;(Wu et al., 2003)
£ The values at the MP4SDQ/6-311+G(d,p)//MP2/6-311G(d,p) calculated by Franciso et al..(Francisco et al., 1990)
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Table S2. Calculated frequencies of the stationary points at the MP2/6-311G(d,p) level.

species v species v

FCHO 672, 1056, 1097, 1413, 1882, 3158 CICHO 468, 757,967, 1387, 1812, 3115

BrCHO 365, 656, 927, 1344, 1814, 3101 FCO 643, 1081, 1995

CICO 375, 631, 1973 BrCO 289, 569, 1945

HF 4252 HCl 3088

HBr 2741 FCCIO 421,510, 678,773, 1116, 1923

F,CO 590, 626, 788, 976, 1265, 1998 FCBrO 352,397, 635, 731, 1093, 1916

F-IMadd-r 478, 521, 656, 1007, 1153, 1176, 1362, 1414, 3093 | F-IMaq4-c/Cl-IMaga.r 257, 405, 589, 761, 1044, 1122, 1244, 1357, 3107
F-IMadd-B/Br-IMadd-r 212,310, 590, 600, 1030, 1137, 1171, 1389, 3141 Cl-IMagd-ci1 295, 337, 450, 695, 801, 1077, 1215, 1268, 3067
Cl-IMag4-Br/Br-IMagd-ci 168, 235, 434, 592, 763, 1052, 1113, 1255, 3077 Br-IMagd-Br 174, 253, 361, 572, 683, 1078, 1099, 1208, 3057
F-TSabs-r 14461, 83, 95, 625, 861, 985, 1126, 1343, 1972 F-TSaps-c1 8861, 66, 88, 462, 731, 922, 1231, 1306, 1980
F-TSps-Br 732i, 56, 82, 365, 587, 881, 1190, 1527, 1955 Cl-TSabs-F 1552i, 114,231, 331, 704, 951, 1115, 1148, 2037
Cl-TSaps-c1 9037, 81, 194, 443, 607, 813, 935, 1246, 2035 CI-TSbs-Br 481i,61, 171, 368, 589, 899, 1087, 1305, 1984
Br-TSps-r 8051, 98, 199, 411, 744, 769, 885, 1118, 2025 Br-TSps-ci 12104, 89, 222, 248, 500, 752, 861, 1045, 2071
Br-TS;ps-Br 13194, 68, 211, 229, 376, 683, 863, 1104, 2039 F-TSadd- 11994, 301, 422, 688, 1071, 1165, 1425, 1641, 3202
F-TSa4d-ct/C1-TSeim-r2 1192i, 247, 397, 488, 800, 1033, 1404, 1567, 3162 | F-TSu4-8/Br-TSem-r2 12064, 210, 359, 415, 688, 1022, 1362, 1561, 3144
CI-TSuda-#/F-TSeim-ci2 899i, 282, 357, 655, 955, 1144, 1370, 1463, 3176 CI-TSad4-c1 8881, 223, 338, 467, 764, 964, 1366, 1388, 3149
Cl-TSagd-B/Br-TSeim-ci2 893i, 179, 328, 371, 658, 958, 1331, 1376., 3133 Br-TS.da-#/F-TSem-ar2 6057, 275, 305, 633, 907, 1130, 1311, 1423, 3158
Br-TSa4d-c/Cl-TSeim-Br2 702i, 202, 290, 455, 737,932, 1314, 1366, 3141 Br-TSaqd-Br 714i, 150, 287, 358, 639, 921, 1308, 1326, 3128
F-TSeim-r1 1776i, 558, 562, 778, 836, 860, 1063, 1203, 1861 F-TSeim-cii/Cl-TSem-p1 - 17731, 393, 445, 635, 696, 770, 852, 1072, 1873
F-TSeim-r1/Br-TSeim-r1 1396i, 312, 359, 628, 707, 739, 821, 1054, 2281 CI-TSeim-cni 1776i, 292, 404, 501, 601, 607, 730, 792, 1888
Cl-TSeim-Br1/Br-TSem-ci 14644, 228, 331, 509, 566, 660, 712, 772, 2341 F-TSeim-F3 702i,394, 572,718,933, 1124, 1198, 1833, 2184
F-TSeim-Br3 672i, 255, 346, 575, 644, 760, 1173, 1824, 2408 F-TSeim-c13 630i, 324, 453, 619, 756, 859, 1176, 1734, 2339
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Table S3. The imaginary frequencies and parameter L at the MP2 level. (vin cm™)

F Cl Br
N L N L N L
FCHO 1446i 0.14 1552i 0.72 805i 3.50
CICHO 886i 0.10 903i 0.22 1210: 1.30

BrCHO 732i 0.09 481i 0.15 1319i 0.67
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Table S4. The enthalpies of formation (AH?’Z%) of the main species at PMP2//MP2 level.

(in kcal/mol)

species enthalpies species enthalpies
FCHO -93.53 %(-89.96) FCO —42.95 %(—41.04)
CICHO —46.55 CICO —6.16

BrCHO —33.46+0.3 BrCO 1.78+£0.3

" Expeimental values.(NIST)
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Table S5. Calculated CVT/SCT rate constants of H-abstraction and X-addition pathways of the F + QCHO reaction system. (in cm’ molecule™

s'l)
T(K) | F + FCHO — products F + CICHO — products F + BrCHO — products
. F-kavsr F-Kagd-r ktotal . F-kasci F-kagd-ci kiotal F-Kabs-Br F-kagd-Br ktotal
200 @ 6.84x 10 283x10"7  684x10M 1 1.82x10"  257x10"°  1.85x 10" | 1.44x 10" 241x10%  1.44x107"
223 1 149x 107 146 x 10" 1.49x 10" | 330x 10" 298x10"°  333x10" | 2.10x 10" 243 x10%  2.10x 10"
227 1.69x 107 1.93x10"™®  1.69x10"° 1 3.63x10"°  3.07x10"°  3.66x 10" | 224x 10" 3.57x10%*  224x107"
235 1 2.13x 107 335%x 10" 213 x 10 | 436x 10" 325x 10" 439x 10" | 254%x 10" 753 %1020 2.54x 1072
244 1 274%x 100 6.07x10"°  2.74x10"7 | 529x 100 3.48x 10" 532x10"° | 290x 10" 1.66x 1077 2.90 x 10"
252 1 337x 10 1.00x 107 337x10"° 1 623x10"°  3.70x 10" 627x 10" | 324x 10" 322x10"  3.24x10"
261 | 420x10"7  1.72x10"7  420x 107 | 7.42x10"7  3.97x10"°  746x 10" | 3.66x10" 647 x 10" 3.66 x 107
276 1 591 x 10 395x10"7  591x10" 1 974x10"°  450%x 10" 979x 107 | 441 x10"  1.89x10"®  441x10"
280 | 644 %107 487x10"7  644x 10" | 1.04x 10" 4.66x10"7  1.04x10"? | 462x 10" 247x10"  4.62x 10"
290 | 7.92x 10" 8.05x10"  7.92x10"7 | 1.23x 10" 508 x10"  1.24x10"* | 518 x10-°  4.68x 10" 518 x 10"
2905 © 874x 107 1.02x10"  874x10"° 1 133x10"  531x10"°  134x10" | 547x 10" 635x10"  547x107"
297 1 9.08x 107 1.12x10"°  9.08x10" | 1.37x10"*  541x10"  138x10" | 558x 10" 7.15x 10" 558 x 1072
208 1 926x 10" 1.18x 10" 926x10"° 1 139x10"  546x10"°  1.40x 10" | 5.64x 10" 759x 10" 564 x 107"
308 0 1.11x10"  1.85x10"  1.11x10" | 1.62x10"  597x10"°  1.63x10" | 626%x10"% 134x10"7  6.26x 107"
328 1.57x 107 422x107°  1.57x 10§ 213 x 107 7.19x 10" 2.14x 10" | 7.59x 10" 380x 10" 7.59x 10"
348 1 2.14x 10" 886 x 107"  2.14x10" | 2.74x10"  870x 10" 2.75x 10" | 9.05x 10" 9.64x10"7  9.05x 10"
368 | 2.84x10"7  1.73x10"°  2.84x10" | 345x10"  1.06x10™ 346x10" | 1.06 x 10" 222x10"° 1.06 x 10"
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Table S6. Calculated CVT/SCT rate constants of H-abstraction and X-addition pathways of the Cl + QCHO reaction system. (in cm® molecule™

s'l)
T(K) Cl + FCHO — products Cl + CICHO — products Cl + BrCHO — products
. Cl-kapsr Cl-kada-r ktotal Cl-kyps-ci Cl-kad-c1 ktotal Cl-kaps-r Cl-kydq-Br kiotal

200 | 3.46x10"°  455x10°"  346x10"° | 1.82x10"°  3.86x107%° 1.82x10"° | 758x10"°  1.13x 10" 7.58 x 107"
244 761 %107 7.62x10% 761 x10"° 1 351 %107 7.65x10°°  351x10" | 1.14x 10" 6.62x10%°  1.14x107"
250 | 850x 107"  1.72x10%  850x 107" | 3.79x 10" 1.79x10**  3.79x 10" | 120x 10?7  1.71x10%°  1.20x 1072
260 | 1.03x 10" 6.14x 1077 1.03x 10" | 429x 10"  687x 10> 429x10" | 1.30x 10" 7.55x10% 130 x 10"
275 1 136 %10 349x10%  136x10"° @ 5.11x10"°  450%x 107 511x 10" | 146 x 10" 5.75x10%  146x10"
280 | 1.50x 107 599x10%°  1.50x 10" | 540x10"7  819x10F  540x10" | 1.51x10"  1.08x 1077 1.51 x 1072
285 1 1.65x 10 1.01x10%  1.65x10"° © 570x 10"  1.47x10°% 570x 10" | 156 x 10" 1.98x10% 1.56x 10"
295 1 1.99x 10 271x10%  1.99x 10" | 633x 10"  4.62x10%* 633x10"° | 1.68x 10"  627x10%  1.68 x 107"
297 | 2.07x 10" 328x10%  2.07x10"7 | 646x 100 578 x107°  646x10"7 | 1.70x 10" 7.82x10%7  1.70 x 10
208 1 2.11x 10" 3.60x10%  2.11x10"° | 652x10"°  647x10°% 652x10" | 1.71x 10" 873x10%  1.71x 107"
305 | 240x 107 6.85x10%  240x 1070 | 6.99x 10" 1.41x10%"  699x10" | 1.79x 10" 1.84x10% 1.79x 107
360 | 6.38x 10" 455x10%  638x107° | 1.14x 107 424x10%  1.14x10" | 250x 10" 243 x10%*  2.50 x 107"
368 | 7.29x 10" 756 x 107 729x 1070 | 121x10"  9.07x10%°  121x10" | 2.62x10"?  439x10%  2.62 x 1072
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Table S7. Calculated CVT/SCT rate constants of H-abstraction and X-addition pathways of the Br + QCHO reaction system. (in cm® molecule™

s'l)
T(K) Br + FCHO — products Br + CICHO — products Br + BrCHO — products
. Br-kasr Br-kaqdd-r kiotal Br-kaps-ci Br-kada-ci ktotal Br-Kabs-Br Br-kaq4-Br kiotal

200 © 993 x 107  241x10"  9.93x10% | 420x 10" 248x10%  420x10"7 | 828x10"° 8.69x107° 828x107°
244 1 146x 102 482x10Y  146x10% | 276 x10" 203 %107 276 x10"° | 285x 10"  1.93x10% 285x 107"
250 | 2.53x10%%  1.83x10%° 253x10%2 | 343x10"  698x10%  3.43x10"° | 331x10"  335x10%  331x10"
260 | 6.02x 107  1.48x 10>  6.02x 10> | 486x 10" 484x 10> 486x10"° | 421x10" 292x10° 421x10"
275 1 198 x 102 258 %103 1.98x10%" | 787x10"  682x10°° 7.87x10" | 588 %10  1.29x10° 588x 107"
280 | 2.86x 107" 624x107* 286x 107" | 9.16x10"  1.55x10%  9.16x 10" | 6.55%x 10"  855x 107  6.55x 1077
285 1 410x 102 147x10%  4.10x10%" 1 1.06x10"°  3.41x10°*  1.06x 10" | 726x10"°  529x10°  726x 107"
205 811 x102"  744x10  811x10% | 141 x10"  1.53x10%"  141x10" | 888x 10" 1.68x10°° 888x 10"
297 1 9.25x 107" 1.02x 107 925x 107" | 1.49x 1077 2.05x10°"  1.49x10"° | 923x 10" 327x10% 923 x10"
208 ¢+ 9.87x 10 1.19x10%  987x10%" | 1.53x10"°  236x10°"  1.53x10"° | 941 x 10"  454x 10> 941 x 107"
305 | 1.54x10%°  3.40x107%  1.54x10% | 1.85x10"°  626x10%"  1.85x10"° | 1.07x10" 427x10°* 1.07x10™"
360 | 291 x 10" 329x10%  291x10" | 654x10"°  3.63x10%  654x10" | 2.67x10™  939x 10" 267x10M
368 | 4.17x 10" 756x10%  417x10"° | 7.67x 10"  7.84x10% 7.67x10"° | 3.00x 10" 548 x10*  3.00x 10"
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Table S8. The modified Arrhenius formulas for k& = AT exp(-C/T) for H-abstraction and

X-addition pathways.

pathways A B C
F-Rapsr 4.58 x 107'° 1.99 1104
F-Raga-F 5.80 x 107 7.32 1932
F-Raps.cl 6.89 x 107 2.16 716
F-Ragd.ci 2.59 x 1032 6.36 1090
F-Raps.pr 3.71 x 107'¢ 1.91 374
F-Radd-Br 1.45 x 1075 5.27 3659
Cl-Rpsr 1.80 x 1074 9.78 1274
Cl-Ragar 8.68 x 107 1.29 7947
Cl-Rups.ci 539 x 1078 2.20 243
Cl-Rugd.cl 1.45x 10 26.66 2246
CI-Ryps.p; 3.50 x 1077 1.91 31
Cl-Ragd-Br 7.19 x 10716 1.11 9376
Br-Ry. 421 x 107! 3.02 4866
Br-Raga.r 1.25 x 10777 1.68 13165
Br-Rups c1 1.53 x 1075 3.96 1228
Br-Raga.ci 4.74 x 10777 1.42 12228
Br-Rup p: 541 %107 4.03 501
Br-Radd.n: 2.39x10" 1.61 18621
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Table S9. The potential barrier heights (AE) and reaction enthalpies (AHY) for

elimination pathways of the F + QCHO reaction systems (Q = F, CI and Br). (in kcal/mol,
the energy of the corresponding IM is set to be zero as reference)

AE AH),,
F-Reim.r1 10.80 ~5.64
F-Reim-r2 28.75 23.73
F-Rejm.r3 28.45 —24.87
F-Reim.cli 11.06 -4.97
F-Reim.ci2 0.76 ~15.17
F-Reim.c13 25.54 -33.17
F-Reim.pr1 7.64 -7.59
F-Reim.Bro -9.27 ~31.49
F-Reim.Br3 20.94 —42.44
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Table S10. Calculated CVT/SCT rate constants of H-abstraction and X-addition pathways at different heights® in the earth atmosphere. (in cm’

1 -1
molecule™ s7)

h(km) T (K) F + FCHO — products F + CICHO — products F + BrCHO — products

kabs kadd kabs kadd kabs kadd
0 298.15 9.28 x 10" 1.19 x 107'® 1.40 x 1072 5.46 x 10" 5.65 % 10" 7.66 x 1078
0 288.19 7.63 x 107 7.37 x 1077 1.19 x 102 5.00 x 107" 5.07 x 102 418 x 10"
2 275.21 581 x 10" 3.79 x 1077 9.60 x 10" 447 x 10" 437 x 1072 1.79 x 1078
4 262.23 433 %107 1.85 x 1077 7.60 x 107 4.01 x 10" 3.72 x 1072 7.10 x 107"
6 249.25 3.14 x 10" 8.47 x 107'® 590 x 10" 3.62 x 10" 3.12x 10" 2.57 % 107"
8 236.27 221 %107 3.65 % 1078 448 x 107 3.28 x 107 2.59 x 102 8.45 x 107
10 223.29 1.51 x 1077 1.49 x 1078 333 x 10" 2.99 x 107" 2.11 x 10" 2.50 x 10™°
12 216.69 1.22x 107" 9.27 x 107" 2.83x 107" 2.86 x 10 1.88 x 10 1.29 x 10°%
h(km) T (K) Cl + FCHO — products Cl + CICHO — products Cl + BrCHO — products

kabs kadd kabs kadd kabs kadd
0 298.15 2.11 x 10" 3.65 x 107 6.53 x 10" 6.58 x 1072 1.71 x 1072 8.88 x 107’
0 288.19 1.75 x 107 1.39 x 107 5.89 x 1073 2.13x 10 1.60 x 1072 2.88 x 1077
2 275.21 1.37 x 1077 3.57 x 10° 512 x 10" 4.62 x 107 1.46 x 1072 5.90 x 10®
4 262.23 1.07 x 1071 8.04 x 107 4.40 x 107 9.17 x 107 1.32x 107" 1.04 x 1078
6 249.25 8.39 x 107'° 1.56 x 107 3.75 < 10" 1.61 x 10 1.19 x 10" 1.52 x 107
8 236.27 6.59 x 107" 252 %102 3.16 x 107 243 x 10 1.07 x 102 1.82 x 107
10 223.29 521 %107 3.31 %107 2.63 x 1077 3.02 x 107° 9.50 x 10" 1.70 x 10!
12 216.69 4.63 x 10716 1.08 x 107 238 x 107" 9.59 x 107’ 8.94 x 10713 457 x 10
h(km) T (K) Br + FCHO — products Br + CICHO — products Br + BrCHO — products

kabs kadd kabs kadd kabs kadd
0 298.15 9.97 x 10! 1.21 x 1072 1.54 x 1077 2.41 x 107! 9.44 x 1077 477 x 107
0 288.19 5.12 x 107! 2.49 x 107 1.16 x 107 5.57 x 107 7.75 % 107 1.64 x 107
2 275.21 2.01 x 10! 2.67 x 107 7.92 x107"° 7.06 x 107 591 x 107" 1.40 x 108
4 262.23 7.25 x 107 231 %10 523 x 1071 7.31 x 107 4.43 x 107 7.55 x 107!
6 249.25 2.37 x 107 1.55 x 107° 334 x107"° 6.00 x 10 3.25x 107" 237 x 10%
8 236.27 6.89 x 107 7.81 x 1078 2.06 x 1076 3.76 x 107 234 %1071 3.95 x 107
10 223.29 1.76 x 107 2.79 x 10°° 1.22 x 1071 1.71 x 1077 1.65 x 1077 3.15x 10
12 216.69 8.26 x 107 4.40 x 10 9.15 x 107 3.09 x 1078 1.36 x 1077 6.06 x 107!

% In the troposphere, the temperature drops about 6.49 K for every 1 km increase in altitude. Into the stratosphere (from 11 km height above the earth surface), the

constant temperature is 216.69 K (Wikipedia, http://en.wikipedia.org/wiki/Main Page).
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