
Modeling the hydrolysis of the polymeri
 brominated �ame retardantsBC-58 and FR-1025Sierra Raynea,∗, Kaya ForestbaE
ologi
a Resear
h, Penti
ton, British Columbia V2A 8J3, CanadabDepartment of Chemistry, Okanagan College, Penti
ton, British Columbia V2A 8E1, CanadaAbstra
tThe SPARC software program was used to estimate the a
id-
atalyzed, neutral, and base-
atalyzedhydrolysis rate 
onstants for the polymeri
 brominated �ame retardants BC-58 and FR-1025, as wellas the hydrolyzable daughter produ
ts of BC-58. Relatively rapid hydrolysis of BC-58, produ
ing2,4,6-tribromophenol and tetrabromobisphenol A as the hydrolyti
ally stable end produ
ts from allpotential hydrolysis rea
tions, is expe
ted in both environmental and biologi
al systems with startingmaterial hydrolyti
 half lives (t1/2,hydr) ranging from less than one hour in marine systems, severalhours in 
ellular environments, and up to several weeks in slightly a
id fresh waters. Hydrolysis ofFR-1025 to give 2,3,4,5,6-pentabromobenzyl al
ohol is expe
ted to be slower (t1/2,hydr less than 0.5years in marine systems up to several years in fresh waters) than BC-58, but is also expe
ted to o

urat rates that will 
ontribute signi�
antly to environmental and in vivo loadings of this 
ompound.Keywords: brominated �ame retardants, polymers, hydrolysis, environmental fateA range of monomeri
 brominated �ame retardants (BFRs) are employed 
ommer
ially and havebeen reported in environmental samples [1℄[2℄. The lea
hing of monomeri
 additive BFRs from 
on-sumer produ
ts, their subsequent presen
e in the environment, and asso
iated toxi
ologi
al 
on
ernshave led to in
reased usage of polymeri
 BFRs su
h as BC-58 (1; a phenoxy-terminated 
arbonateoligomer of tetrabromobisphenol A (TBBPA)) and FR-1025 (2) (Figure 1) [3℄[4℄. Under mild thermalstress, Gouteaux et al. [4℄ found that various brominated benzene and phenol derivatives were releasedfrom these polymeri
 BFRs. However, there does not appear to be any information available on po-tential produ
ts resulting from other modes of physi
o
hemi
al degradation for BC-58 and FR-1025.Thus, we have investigated their potential hydrolyti
 behavior in aqueous environmental and biologi-
al systems using the SPARC software program (http://ibml
2.
hem.uga.edu/spar
/; September 2009release w4.5.1529-s4.5.1529). Hydrolyti
 degradation of polymeri
 BFRs su
h as BC-58 and FR-1025is relevant for exposure 
onditions in land�lls, in vivo transformations, ambient atmospheri
 exposurein su�
iently humid environments, and where smaller pie
es of the polymeri
 substrate enter fresh andmarine waters either intentionally via dire
t disposal, or indire
tly through degradation and transportof the parent produ
t.Two potential terminal hydrolyti
 
leavage modes ('a' and 'b') are available for 1, yielding 2,4,6-tribromophenol (3) and the terminal 2,4-dibrominated 
arbonate ester of the parent polymeri
 model(4) via pathway 'a', as well as the 2,4,6-tribromophenyl 
arbonate ester (5) and the terminal 2,4-dibromophenol of the parent polymeri
 model (6) via pathway 'b' (Figure 2). Compound 4 
an besubsequently hydrolyzed to give 6 and 
arboni
 a
id (Figure 3). Compound 5 
an also be hydrolyzed to3 and 
arboni
 a
id (Figure 4). In addition to the terminal hydrolysis of 4 to give 6, both 4 and 6 
anbe hydrolyzed at the adja
ent internal 
arbonate ester linkage. Hydrolysis of 4 at the adja
ent internal
arbonate ester linkage gives the mono-
arbonate ester of TBBPA (7) (pathway 'a' in Figure 5) andthe di-
arbonate ester of TBBPA (8) (pathway 'b' in Figure 5), as well as the 
orresponding 4 and 6with loss of the terminal TBBPA moiety (termed 4(n-1) and 6(n-1), respe
tively). Compound 8 
an be
∗Corresponding authorEmail address: rayne.sierra�gmail.
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Figure 1: Stru
tures of BC-58 (1) and FR-1025 (2).hydrolyzed to 7, whi
h 
an subsequently be hydrolyzed to TBBPA (9) (Figure 6). Similarly, hydrolysisof 6 at the adja
ent internal 
arbonate ester linkage 
an give 9 dire
tly (pathway 'a' in Figure 7) or 7(pathway 'b' in Figure 7), whi
h 
an be subsequently hydrolyzed to 9, as well as 4(n-1) and 6(n-1).Colle
tively, these hydrolyti
 pathways indi
ate that 3 and 9 are the �nal hydrolyti
ally stable endprodu
ts from the polymeri
 BFR BC-58. Hydrolysis of FR-1025 (2) gives 2,3,4,5,6-pentabromobenzylal
ohol (10) and the se
ondary alkyl
arboxyli
 a
id (11) (Figure 8).Prior to estimating the hydrolyti
 rate 
onstants for these degradation pathways of BC-58 andFR-1025, we validated the SPARC software program for the hydrolysis kineti
s of related 
ompounds.In a previous study, we validated SPARC estimated hydrolysis rate 
onstants for a range of 
arboxyli
a
id esters [5℄. Less experimental work has been 
ondu
ted on the hydrolysis of 
arbonate esters.Stjerndahl and Holmberg [6℄ reported hydrolyti
 half-lives (t1/2,hydr; but not individual rate 
onstantsfor the a
id [kA℄ and base [kB℄ 
atalyzed and neutral [kN ℄ me
hanisms) for two linear and bran
hed
arbonate esters and the 
orresponding 
arboxyli
 a
id esters (Table 1). Good agreement was foundbetween the experimental and SPARC estimated t1/2,hydr for all 
ompounds, with all errors within anorder of magnitude (-20%, -33%, 762%, and -60%, respe
tively).Ostergaard and Larsen determined kA, kN , and kB values for a suite of 
arbonate ester modelprodrugs with fatty a
id stru
tures (Table 2) [7℄. Ex
ellent agreement was obtained between theexperimental and SPARC estimated kA and kB values. The kNvalues reported by these authors arein poor agreement with the SPARC estimates and general stru
ture-a
tivity expe
tations. However,even at pH 7, where the 
ontribution of the neutral hydrolysis me
hanism is often maximized, thispathway is unlikely to play an important role in the hydrolysis of 
arbonate esters. Even with thelarge di�eren
es between the experimental and SPARC kNvalues, SPARC t1/2,hydr estimates at pHTable 1: Comparison of experimental and SPARC estimated hydrolyti
 half-lives (t1/2,hydr) for the linear and bran
hed
arbonate esters and 
arboxyli
 a
id esters at 20°C and pH 12 reported by Stjerndahl and Holmberg [6℄.expt SPARC
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Figure 2: Terminal hydrolysis produ
ts for BC-58 (1).
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Figure 5: Internal hydrolysis produ
ts for (4).
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Figure 7: Internal hydrolysis produ
ts for (6).
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6Table 2: Comparison of experimental and SPARC estimated kA, kN , kB , and t1/2,hydr (pH 7) for the 
arbonate estermodel prodrugs with fatty a
id stru
tures and for phenyl a
etate at 37°C reported by Ostergaard and Larsen [7℄.kA kN kB t1/2,hydr (pH 7)expta SPARC expt SPARC expt SPARC expt SPARC
C O

O

O

a b 1.4×10−6 a: 2.3×10−5 6.8×10−8 a: 1.7×10−13 1.3 a: 0.7 41 d 57 db: 6.9×10−5 b: 2.0×10−17 b: 1.4
C O

O

O

a b n/ib n/i n/i n/i 0.03 a: 0.1 n/a n/ab: 0.3
C O

O

O

a b n/ac 3.0×10−5 1.2×10−5 6.1×10−15 13 18 n/a 4.4 d
C O

O

O C

a b

O

OH n/a a: 2.0×10−5 4.7×10−6 a: 4.0×10−13 1.0 a: 1.3 n/a 2.1 db: 4.7×10−5 b: 4.6×10−16 b: 38
C OO CH2

O

a b

O

OH5 1.7×10−6 a: 1.0×10−5 6.5×10−8 a: 2.0×10−13 1.0 a: 0.6 49 d 65 db: 5.7×10−5 b: 1.9×10−17 b: 1.2
OH

C OO CH2

O

a b

O

OH7 n/a a: 1.9×10−5 n/a a: 2.0×10−13 1.0 a: 0.6 n/a 67 db: 5.7×10−5 b: 1.9×10−17 b: 1.2
OH

C OO CH2

O

a b

O

OH11 n/a a: 1.9×10−5 n/a a: 2.0×10−13 1.0 a: 0.6 n/a 68 db: 5.7×10−5 b: 1.9×10−17 b: 1.2
C OO CH2

O

a b

O

OH15 n/a a: 1.9×10−5 n/a a: 2.0×10−13 1.0 a: 0.6 n/a 68 db: 5.7×10−5 b: 1.9×10−17 b: 1.2
C

O

O 3.2×10−4 1.9×10−4 3.9×10−8 5.0×10−8 4.1 1.6 18 d 38 d
a expt data a
quired at µ=0.50M ioni
 strength. b not in
luded in analysis as the me
hanisms are thought to be di�erent thanfor the other 
arbonate esters due to the t-butyl substitution. c not available.7 for these 
ompounds are in strong agreement with the available experimental values (only able tobe reliably 
al
ulated where Ostergaard and Larsen [7℄ report kA, kN , and kB values for a given
ompound), with t1/2,hydr (pH 7) errors ranging from 33% to 39% (fa
tors of 1.3- to 1.4-fold). Overall,the validation results suggest that SPARC may reliably estimate the hydrolyti
 behavior of 
arbonateesters.SPARC estimated kA, kN , and kB values at 25◦C for the polymeri
 BFR hydrolysis rea
tions shownin Figures 2 through 8, along with 
orresponding I-values, are provided in Table 3. With the ex
eptionof highly a
idi
 
onditions (pH less than 3 to 4), where the a
id 
atalyzed me
hanisms will begin toplay a signi�
ant role, the base 
atalyzed me
hanisms are expe
ted to dominate under all relevantenvironmental and biologi
al 
onditions. The estimated rate 
onstants for these 
ompounds are 
on-sistent with both the qualitative and quantitative stru
ture-a
tivity trends for 
arbonate/
arboxyli
a
id ester hydrolysis rates reported in the literature, and in parti
ular, the redu
tion in kA and in
reasein kB with ele
tron withdrawing groups (EWGs) near the rea
tion 
enter (the 
arbonyl moiety) [8℄.With these estimated kA, kN , and kB values, expe
ted hydrolyti
 half-lives (t1/2,hydr) 
an be
al
ulated for pH values between 1 and 13 at 25◦C using the following equations,t1/2,hydr=ln 2/khydr ... (1)khydr=kA[H3O+℄+kN [H2O℄+kB[OH−℄ ... (2)
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7[H3O+℄=10−pH ... (3)[OH−℄= 10−pKw/10−pH ... (4)where [H3O+℄ and [OH−℄ are the 
on
entrations of hydronium and hydroxide ions, respe
tively, andthe 
on
entration of water ([H2O℄) is assumed 
onstant at 55 mol L−1 under all 
onditions (where kNis given in units of s−1 throughout, we have in
luded the 
on
entration of water in the rate 
onstantestimate).Variations in t1/2,hydr as a fun
tion of pH at 25◦C for the 11 pathways are provided in Figure9. For 
ompounds with more than one possible hydrolysis pathway (i.e., 1 ['a' and 'b'℄, 4 [terminal,internal 'a', and internal 'b'℄, and 6 ['a' and 'b'℄), 
hanges in pH are not expe
ted to alter the dominantme
hanisti
 pathway ex
ept for 4 under highly a
idi
 
onditions (pH less than 3, where the terminalhydrolysis pathway will dominate). Compounds 1, 4, 5, 6, 7, and 8 exhibit very similar hydrolyti
behavior between pH 4 and 13. Compound 2 has a t1/2,hydr 
onsistently several orders of magnitudehigher than the other 
ompounds over this pH range, re�e
ting the absen
e of EWGs proximate to therea
tion 
enter that would promote the dominant base-
atalyzed hydrolysis me
hanism. At pH 3, all
ompounds are expe
ted to have 
omparable t1/2,hydr between 2000 and 7000 days (∼6 to 20 years).The rapidly de
lining t1/2,hydr with in
reasing pH in near-neutral through basi
 solutions suggestsBC-58 (1) and its daughter produ
ts will be e�
iently hydrolyzed under these 
onditions. Exposureto strongly alkaline solutions (either as 
leaning produ
ts/
ommer
ial treatments or waste treatmentpro
esses) will result in rapid hydrolysis of BC-58 and its relevant daughter produ
ts (t1/2,hydr rangingfrom about 1 minute at pH 10 down to the millise
ond range at pH 13). FR-1025 (2) is expe
ted to bemore re
al
itrant towards hydrolysis, maintaining a 
orrespondingly mu
h higher t1/2,hydr of 32 hoursat pH 10 and 2 min at pH 13.Estimated t1/2,hydr under representative environmental and in vivo 
onditions for 
ompounds 1,2, 4, 5, 6, 7, and 8 are shown in Table 4. In neutral, temperate freshwaters (pH 7, 15◦C) and marinesystems (pH 8.1, 15◦C), BC-58 (1) and its daughter produ
ts are expe
ted to have t1/2,hydr of lessthan one day. Corresponding rates are estimated to be about two orders of magnitude slower in mildlya
idi
 temperate freshwaters (pH 5, 15◦C). FR-1025 (2) is predi
ted to hydrolyze signi�
antly moreslowly than BC-58 (1) and its daughter produ
ts, with t1/2,hydr ranging from 120 days in temperatemarine systems to several years in near-neutral fresh waters and up to several 
enturies in slightlya
idi
 fresh waters. Rapid in vivo hydrolysis (t1/2,hydr of several hours) is predi
ted under 
ellular
onditions (pH 7.4, 38◦C) for BC-58 (1) and its daughter produ
ts. Conversely, FR-1025 (2) hasa t1/2,hydr of 1.2 years in similar environments. The slow rates of a
id-
atalyzed hydrolysis for all
ompounds result in t1/2,hydr on the order 0.5 to 14 years in a
idi
 regions of the gastrointestinaltra
t (pH 2, 38◦C). Thus, hydrolysis of BC-58 (1) and its degradation produ
ts is expe
ted to o

urrapidly in the body, primarily in neutral and slightly alkaline regions, resulting in produ
tion of 2,4,6-tribromophenol (3) and TBBPA (9). FR-1025 (2) is expe
ted to hydrolyze more slowly in vivo andwill produ
e 2,3,4,5,6-pentabromobenzyl al
ohol (10).In slightly a
idi
 through alkaline solutions, hydrolysis rates of 4, 5, 6, 7, and 8 are expe
ted tobe about 2 to 5-fold slower than that of the parent 1, suggesting the steady-state a

umulation ofTable 3: Estimated kA, kN , and kB values and 
orresponding I-values at 25◦C for 
ompounds 1, 2, 4, 5, 6, 7, and 8.
ompound kA (L mol−1 s−1) kN (s−1) kB (L mol−1 s−1) IaAN IbAB IcNB1(a) 3.1×10−8 4.2×10−11 3.8×102 2.9 2.0 1.01(b) 3.3×10−8 2.6×10−11 1.5×102 3.1 2.2 1.22 1.1×10−6 9.8×10−11 6.0×10−2 4.0 4.6 5.24-terminal 1.3×10−6 1.7×10−11 8.6×101 4.9 3.1 1.34-internal(a) 3.2×10−8 5.9×10−13 1.1×102 4.7 2.2 -0.34-internal(b) 3.6×10−8 2.2×10−11 1.6×102 3.2 2.2 1.25 1.3×10−6 3.2×10−11 2.0×102 4.6 2.9 1.26(a) 3.3×10−8 5.8×10−13 1.1×102 4.7 2.2 -0.36(b) 3.6×10−8 2.2×10−11 1.6×102 3.2 2.2 1.17 1.3×10−6 1.7×10−11 8.4×101 4.9 3.1 1.38 1.3×10−6 1.7×10−11 8.4×101 4.9 3.1 1.3
a IAN=log(kA/kN ). b IAB=1/2×log(kA/kBkw). INB=log(kN/kBkw).
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Figure 9: Variations in t1/2,hydr as a fun
tion of pH at 25◦C for the hydrolysis of 1, 2, 4, 5, 6, 7, and 8.
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9Table 4: Estimated t1/2,hydr under representative ambient environmental and in vivo 
onditions for 
ompounds 1, 2, 4,5, 6, 7, and 8.25◦C 15◦C 15◦C 15◦C 38◦C 38◦CpH 7 pH 5 pH 7 pH 8.1 pH 2 pH 7.41 5.1 h 17 d 4 h 0.3 h 13 y 3 h2 3.6 y 212 y 4.1 y 120 d 200 d 1.2 y4 12 h 41 d 10 h 1 h 158 d 6 h5 10 h 38 d 9 h 43 min 164 d 4 h6 12 h 41 d 10 h 47 min 14 y 6 h7 23 h 90 d 22 h 1.7 h 158 d 10 h8 23 h 90 d 22 h 1.7 h 158 d 10 hpartially hydrolyzed daughter produ
ts from BC-58. At pH 2 and below, hydrolysis rates of 1 willbe 
ompetitive with or slower than those of its daughter produ
ts. At all pH values, hydrolysis of1 by pathway 'a' is predi
ted to be about 2 to 3-fold faster than pathway 'b', indi
ating preferentialformation of 2,4,6-tribromophenol (3) and the terminal 2,4-dibrominated 
arbonate ester of the parentpolymeri
 model (4) as the major primary hydrolysis produ
ts. Compound 4 will then be relativelyrapidly hydrolyzed to TBBPA (9) under most environmental and biologi
al 
onditions.Both 2,4,6-tribromophenol (3) and TBBPA (9) are well 
hara
terized from environmental andtoxi
ologi
al risk perspe
tives [9℄[10℄. No information appears to be available on the expe
ted biolog-i
al or environmental fate of 2,3,4,5,6-pentabromobenzyl al
ohol (10), but its SPARC estimated logP(o
tanol:water) is 5.1 with a pKa of 13.2. Redu
tive debromination 
ould result in lesser brominatedderivatives that would be less likely to be retained in vivo. Enzymati
 oxidation of the rea
tive benzyli
position would yield 2,3,4,5,6-pentabromobenzoi
 a
id (SPARC estimated pKa of 1.0 and log D of 4.0at pH greater than 4.5). We stress that the estimates provided herein assume e�e
tive freely dissolvedbehavior of all starting materials (i.e., surfa
e area/wetting limitations to hydrolysis are absent), andtherefore may overestimate the rea
tivity under a
tual �eld 
onditions. Experimental datasets on thehydrolyti
 behavior of these 
ompounds are needed to validate or refute the SPARC predi
tions.E�orts were made to obtain SPARC generated a
tivation energies (Ea) for the kA, kN , and kB valuesof 1, 2, 4, and 5 by 
al
ulation of rate 
onstants at 0◦C and 100◦C, analogous to the approa
h used inour prior work [5℄ on per�uorinated 
ompounds that employed a previous version of SPARC (August2007 release w4.0.1219-s4.0.1219). Apparently reliable Ea values were obtained for the a
id-
atalyzed(ranging from 75 to 80 kJ mol−1) and neutral hydrolysis (ranging from 52 to 61 kJ mol−1) me
hanisms,however, negative Ea valu(from -3 to -16 kJ mol−1) were predi
ted for 1, 4, and 5, and a low valueof 10 kJ mol−1 for 2. In the 
ontext of the predi
ted substantial negative entropy of a
tivation forformation of the tetrahedral intermediate in the base-
atalyzed me
hanism, and la
k of 
lear literaturesupport for negative Ea in the base-
atalyzed hydrolysis of similar 
arboxyli
 a
id or 
arbonate esters,we view the SPARC Ea estimates as unreliable. The absen
e of reliable predi
ted Ea values for 1, 2,4, and 5 prevents (at present) a more detailed kineti
 analysis a
ross a broader temperature range. Inaddition, we observed in
onsistent rate 
onstant predi
tions using SPARC at both temperature endmembers (i.e., repeated entries of the same SMILES mole
ular stru
ture format o

asionally yieldeddi�erent results), further redu
ing 
on�den
e in the 0◦C and 100◦C values for the Ea 
al
ulations. Wealso examined whether the re
ent September 2009 update to SPARC (w4.5.1529-s4.5.1529) has led toa general Ea error for all 
arboxyli
 a
id esters. Re-examination of our previously reported Ea valuesfor the a
id-
atalyzed, neutral, and base-
atalyzed hydrolysis me
hanisms for �uorotelomer a
rylatesshows that the new September 2009 SPARC version (w4.5.1529-s4.5.1529) gives Ea values less than2 to 3 kJ mol−1 di�erent than the previous August 2007 SPARC release (w4.0.1219-s4.0.1219). Assu
h, the apparent 
on
erns regarding the SPARC estimated Ea values of 
ompounds 1, 2, 4, and 5do not re�e
t a general 
hange in SPARC between the 2007 and 2009 releases, but rather appear tobe a spe
i�
 issue with regard to the brominated 
ompounds under investigation.In 
on
lusion, relatively rapid hydrolysis of the polymeri
 BFR BC-58 (1) is expe
ted in bothenvironmental and biologi
al systems, produ
ing 2,4,6-tribromophenol (3) and tetrabromobisphenolA (TBBPA; 9). Hydrolysis of FR-1025 (2) is expe
ted to be slower than BC-58, but is predi
ted toprodu
e 2,3,4,5,6-pentabromobenzyl al
ohol (10) at rates that may 
ontribute signi�
antly to envi-ronmental and in vivo loadings of this 
ompound.
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