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A B S T R A C T   

Boron isotope fractionation between boric acid and borate ion in aqueous solution (hereafter, α3–4) is a key 
coefficient for reconstructing paleo-pH and paleo-pCO2 records, and a valuable parameter for understanding 
boron isotope geochemistry related to mineral-water interactions. Although boron isotopes have wide geologic 
application, the effect of temperature and ion pairing on boron isotope fractionation is poorly described. 
Moreover, conventional density functional theory (DFT) calculations do not provide an accurate estimate of the 
boron isotope fractionation factor. Here, we provide a new strategy to accurately calculate α3–4 values in aqueous 
solution by evaluating harmonic frequencies, higher-order energy terms, and solvation effects. Using benchmark 
coupled cluster (CCSD(T)) calculations, our 25 ◦C results for α3–4 ranges from 1.0259 to 1.0275, which is in good 
agreement with recent experimental data. Solvation effects reduced the α3–4 value by ~6‰, while high-order 
corrections raised the α3–4 value by ~2‰. Our calculations evaluating the effect of aqueous ion pairs suggest 
that the α3–4 values in seawater and pure water should be almost identical. Our results provide a reasonable 
estimation of the partition function ratios of dissolved boron species, which will benefit studies of boron isotope 
fractionation in aqueous environments.   

1. Introduction 

Boron species exist mainly as boric acid (B(OH)3) and borate ion (B 
(OH)4

− ) in aqueous solution, where B(OH)4
− is the hydrolysis product of B 

(OH)3. The proportion of the two boron species is controlled by pH 
(Hershey et al., 1986). In seawater, total boron concentration [BT] is 
~432.6 μmol/kg, thus the formation of polyborate species is negligible 
(Ingri et al., 1957; Lee et al., 2010). The residence time of boron in 
seawater is ~10–20 million years, much greater than the mixing time of 
the oceans (Lemarchand et al., 2002; Simon et al., 2006). Thus, the 
boron isotope composition of B(OH)4

− in marine carbonates (assuming 
co-precipitated), can serve as a proxy for oceanic pH and atmospheric 

CO2 (Vengosh et al., 1991; Hemming and Hanson, 1992; Spivack et al., 
1993; Hemming et al., 1995; Sanyal et al., 1996). 

To use boron isotopes as a paleo-pH proxy, it is necessary to accu
rately determine boron isotope fractionation between B(OH)3 and B 
(OH)4

− , and the fractionation temperature dependence (Pagani et al., 
2005; Liu and Tossell, 2005; Klochko et al., 2006; Hönisch et al., 2019). 
As the α3–4 value is difficult to measure, early studies using the boron 
isotope proxy to reconstruct oceanic pH and atmospheric pCO2 adopted 
the theoretical value of α3–4 = 1.0194, predicted by Kakihana et al. 
(1977) (e.g., Sanyal et al., 1995; Palmer et al., 1998; Pearson and 
Palmer, 1999; Pearson and Palmer, 2000; Palmer and Pearson, 2003; 
Hönisch and Hemming, 2005). However, subsequent quantum chemical 
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calculations showed that the prediction of Kakihana et al. (1977) might 
underestimate the α3–4 value (Oi, 2000a, 2000b; Oi and Yanase, 2001; 
Liu and Tossell, 2005; Zeebe, 2005). Oi (2000b) used frequency-scaled 
HF (Hartree-Fock), MP2 (second-order Møller-Plesset perturbation the
ory) and DFT (density functional theory) methods to calculate the α3–4 
value between gaseous boron species, and concluded that the true α3–4 
value at 25 ◦C would be between 1.019 and 1.033. Although Oi (2000b) 
did not offer a definitive α3–4 value for the gas phase, Oi and Yanase 
(2001) suggested using the HF/6-31G(d) theory level for further cal
culations of boron isotope effects in the liquid phase. Liu and Tossell 
(2005) then used the frequency-scaled HF/6-31G(d) method to calculate 
the α3–4 values in aqueous solution and suggested an α3–4 value of 
~1.027 can be used for the boron isotope pH-proxy. However, the α3–4 
values calculated by Zeebe (2005) using force fields and quantum 
chemical models varied from ~1.020 to ~1.050 at 300 K, depending on 
the choice of frequency and method. Zeebe (2005) results challenged the 
accuracy of theoretical predictions. In contrast to quantum chemical 
calculations, the vibrational spectroscopic data of Sanchez-Valle et al. 
(2005) reported an even smaller α3–4 value of 1.0176 at 300 K. Conse
quently, experimental measurements were expected to provide con
straints on the α3–4 value (Zeebe, 2005). 

With analytical advances in spectrophotometric measurements, it 
became feasible to determine α3–4 in aqueous solution by measuring pH 
differences between pure 10B or 11B buffered solutions (i.e., α3–4 =

1.0285 ± 0.0016 at 25 ◦C in KCl solution, Byrne et al., 2006). Klochko 
et al. (2006) employed spectrophotometric pH measurements to deter
mine α3–4 values in several solutions, and obtained α3–4 values of 1.0308 
± 0.0023 (25 ◦C) and 1.0289 ± 0.0048 (40 ◦C) in pure water, and 
1.0272 ± 0.0006 (25 ◦C) and 1.0269 ± 0.0027 (40 ◦C) in artificial 
seawater. Recently, Nir et al. (2015) developed an alternative method to 
determine α3–4 by isolating B(OH)3 through a reverse osmosis mem
brane under controlled pH conditions, and calculated the α3–4 value in 
seawater-like solutions as 1.026 ± 0.001 at 25 ◦C from mass balance. 
The α3–4 values for seawater obtained by Klochko et al. (2006) and Nir 
et al. (2015) are in good agreement with the theoretical prediction of Liu 
and Tossell (2005), confirming that the boron isotope fractionation in 
aqueous solution is larger than the original prediction of Kakihana et al. 
(1977). However, the prediction of Liu and Tossell (2005) indicated that 
the α3–4 values decrease as temperature increases and are very similar in 
pure water and seawater, while the α3–4 values measured by Klochko 
et al. (2006) show no temperature dependence within experimental 
uncertainties and show a statistical difference between pure water and 
seawater. Pure water and seawater differ significantly in terms of ionic 
strength and ion species. Therefore, difference between measured α3–4 
values in pure water and seawater suggest that ion pairing of dissolved 
boron species may play an important role in boron isotope fractionation 
between B(OH)3 and B(OH)4

− or during boron incorporation. On the 
other hand, from thermodynamic principles, isotope fractionation fac
tors should show temperature dependent effects. Experimental un
certainties that masked the temperature dependences of α3–4 in Klochko 
et al. (2006) may also have affected measured differences in the α3–4 
values in pure water and seawater. To improve paleo-pH reconstruction, 
it is important to better constrain the extent to which α3–4 is sensitive to 
temperature (Hönisch et al., 2019). Additionally, as boron ion pairs in 
seawater may influence boron incorporation (e.g., Mavromatis et al., 
2021; Henehan et al., 2022), it is worth exploring the effects of tem
perature and ion pairs on both α3–4 values and partition function ratios 
of dissolved boron species. The results will improve the reconstruction of 
paleo-pH, and will be valuable to better understand boron isotope effects 
related to mineral-water interactions; for example, boron isotope frac
tionation during carbonate precipitation (Balan et al., 2018) and boron 
isotope fractionation between minerals and fluids (Sanchez-Valle et al., 
2005; Kowalski et al., 2013; Li et al., 2020, 2021, 2022). 

From the perspective of theoretical calculations, quantum chemical 
models can provide accurate physicochemical properties of substances 
(e.g., Daru et al., 2022) to produce reliable isotope fractionation factors 

that are comparable to experimental determinations; however, the en
ergy shifts associated with isotope substitutions must be accurately 
calculated (Liu et al., 2010). The Hartree-Fock (HF) method employed 
by Liu and Tossell (2005) did not calculate correlation energy (Levine, 
2014), which describes how electrons influence each other and is 
important for improving geometry optimizations and energy calcula
tions. Therefore, the good agreement between the prediction of Liu and 
Tossell (2005) and the α3–4 values measured at 25 ◦C is surprising. More 
robust predictions of isotope fractionation factors were expected from 
DFT and post-HF methods (Rustad and Bylaska, 2007); however, Rustad 
et al. (2010) found that both DFT and MP2 methods gave diverse α3–4 
values. For example, using DFT functionals, reported α3–4 value at 25 ◦C 
in pure water were ~ 1.032–1.035; whereas, values of 1.026–1.028 
were extrapolated from MP2 methods. In the pure water calculations of 
Rustad et al. (2010), the results from DFT were close to the value of 
Klochko et al. (2006) measured in pure water, but the extrapolated α3–4 
values from MP2 matched the value obtained for seawater. The Rustad 
et al. (2010) study raised the question of which quantum chemical 
models can provide reliable predictions of isotope fractionation factors 
in solutions. Although the DFT method has been utilized to predict 
isotope fractionation factors for many isotopic systems (e.g., Anbar 
et al., 2005; Méheut et al., 2007; Domagal-Goldman and Kubicki, 2008; 
Li et al., 2009; Fujii et al., 2014; Blanchard et al., 2015; Gao et al., 2018; 
Hill et al., 2020; Wang et al., 2020; Li et al., 2021), the method still does 
not provide convincing calculated α3–4 values (Rustad et al., 2010; 
Kowalski et al., 2013; Li et al., 2020; Zeebe and Rae, 2020). As the 
previous studies were based on harmonic approximation and predomi
nantly employed DFT to generate harmonic frequencies, improvement 
in calculated α3–4 values should result from a thorough evaluation of 
harmonic frequencies, higher-order corrections, and solvation effects. 

In this study, we provide a new strategy for the accurate calculation 
of isotope fractionation between species in solution, and we calculate 
α3–4 values beyond the harmonic approximation and 
Born− Oppenheimer approximation. The contributions of higher-order 
energy terms, solvation effects, and ion pairing are investigated. Accu
rate temperature dependences of α3–4 and the partition function ratios of 
dissolved boron species are presented. We show that boron isotope 
fractionation between B(OH)3 and B(OH)4

− in aqueous solution can be 
calculated with reasonable accuracy from quantum chemical methods 
without any special adjustments, such as scaling frequencies or extrap
olating data. 

2. Methods 

2.1. Equilibrium isotope fractionation theory 

Consider an isotopic exchange reaction in the gas phase: 

AXL +BXH = AXH +BXL (1)  

where AX and BX are two substances containing an element of interest X, 
with XL and XH the light and heavy isotopes of element X, respectively. 
The standard free energy change for this reaction is 

ΔE = EAXH +EBXL − EAXL − EBXH = ΔEAX − ΔEBX (2)  

where ΔEAX and ΔEBX are the energy shifts due to the isotope sub
stitutions, for example, 

ΔEAX = EAXH − EAXL (3) 

When the reaction reaches equilibrium at temperature T, the rela
tionship between the equilibrium constant Keq and the relative free en
ergies can be obtained as follows: 

Keq = exp
(
− ΔE
kBT

)

= exp
(
− ΔEAX

kBT

)/

exp
(
− ΔEBX

kBT

)

(4)  
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where kB is the Boltzmann constant. The energy shifts due to isotope 
substitutions for substances such as AX can be given by 

ΔEAX = ΔE0
AX +ΔECorr

AX (5)  

where ΔE0 is the sum of energy shifts due to an isotope substitution in 
the rigid-rotor-harmonic-oscillator (RRHO) approximation and the 
Born− Oppenheimer (BO) approximation (i.e., the energy shifts from 
translational, rotational, and vibrational energies), and ΔECorr is the sum 
of corrections from energy shifts beyond the RRHO and BO approxi
mations. For single isotope substitution, the relationship between the 
equilibrium isotope fractionation factor α and the equilibrium constant 
Keq can be expressed as 

αAX− BX =
sAXH /sAXL

sBXH /sBXL
Keq (6)  

where s is the symmetry number of the isotopologue (Bigeleisen and 
Mayer, 1947; Schauble, 2004; Liu et al., 2010). From Eqs. (4), (5), and 
(6), the equilibrium isotope fractionation factor α between AX and BX 
can be written as 

αAX− BX = α0
AX− BX ⋅KCorr

AX− BX (7)  

where 

α0
AX− BX =

β
(
AXH/AXL)

β
(
BXH/BXL) (8)  

is the Bigeleisen-Mayer equation, and KCorr is the correction term 
(Bigeleisen, 1996). The β factor (also known as the Reduced Partition 
Function Ratio, RPFR) of an isotopologue pair (e.g., AXH/AXL) is defined 
as 

β
(
AXH/AXL) =

∏

i

ui
(
AXH)exp

[
− ui

(
AXH)/2

]{
1 − exp

[
− ui

(
AXL) ] }

ui
(
AXL)exp

[
− ui

(
AXL)/2

]{
1 − exp

[
− ui

(
AXH) ] }

(9)  

where ui = hcωi/kBT, h is the Planck constant, c is the speed of light in 
vacuum, ωi is the harmonic frequency of normal mode i in cm− 1, and T is 
the temperature in Kelvin (Bigeleisen and Mayer, 1947; Urey, 1947). 
The correction term KCorr can be obtained by multiplying individual 
higher-order correction terms, i.e., 

KCorr
AX− BX = Kanh

AX− BX ⋅KBOELE
AX− BX ⋅Khf

AX− BX ⋅Kfs
AX− BX ⋅… (10)  

where Kanh is the anharmonic vibration correction, KBOELE is the 
correction to the BO approximation, Khf is the correction for the nuclear 
spin effect, and Kfs is the correction for the nuclear field shift effect 
(Bigeleisen, 1996). 

If the isotopic exchange reaction reaches equilibrium in solution, Eq. 
(5) then becomes 

ΔEAX = ΔE0
AX +ΔECorr

AX +ΔEsolv
AX (11)  

where ΔEsolv is the sum of energy shifts associated with the solvation 
effect (Chen et al., 2009; Grimme, 2012). Therefore, the equilibrium 
isotope fractionation factor α between AX and BX in the liquid phase can 
be expressed as 

αAX− BX = α0
AX− BX ⋅KCorr

AX− BX ⋅Ksolv
AX− BX (12)  

and Ksolv can be obtained from the ratio of α0 values in the liquid and gas 
phases, i.e., 

Ksolv
AX− BX =

(
αAX− BX

/
KCorr

AX− BX

)/
α0

AX− BX = α0
AX− BX(l)

/
α0

AX− BX(g) (13)  

where l and g refer to the liquid and gas phases, respectively. Eq. (13) is 
also straightforward in the RRHO and BO approximations. Once accu
rate α0, KCorr and Ksolv values are obtained, the equilibrium isotope 

fractionation factor between two substances in solution can be 
determined. 

2.2. Computational details 

The Gaussian 09 package (Frisch et al., 2013) was used to perform 
geometry optimizations, single-point energy calculations, harmonic 
frequency generations and second-order perturbation analyses. The 
CFOUR package (CFOUR, 2000; Harding et al., 2008a, 2008b) was used 
to calculate effects beyond BO approximation. To simulate solvation 
effects, explicit solvent models (so-called “water-droplet” models, Liu 
and Tossell, 2005; Li et al., 2009) were adopted at the B3LYP/6–311+G 
(d,p) theory level (Krishnan et al., 1980; McLean and Chandler, 1980; 
Clark et al., 1983; Frisch et al., 1984; Spitznagel et al., 1987; Lee et al., 
1988; Becke, 1993). B3LYP is a hybrid functional in density function 
theory (DFT), and stands for “Becke, 3-parameter, Lee, Yang, and Parr”. 
6–311+G(d,p) indicates that the 6–311G basis sets are used for first-row 
atoms and the McLean-Chandler basis sets are used for second-row 
atoms by including the diffuse functions (+) and the polarization func
tions (d,p). Initially, we optimized the B(OH)3, B(OH)4

− , and B(OH)4
− ion 

paired species separately in vacuum; we then surrounded the optimized 
boron species with 6 water molecules and re-optimized the hydrated 
structure. Thereafter, we added an additional 6 water molecules and re- 
optimized the structures. Following optimization, we calculated har
monic frequencies. The procedure was repeated, with the incremental 
addition of 6 water molecules, until the β factors for the boron species 
converged. The number of water molecules used to simulate the hy
dration shell of B(OH)3 and B(OH)4

− was 6, 12, 18, 24, 30, and 36 in 
sequence. In total, 36 water molecules were used to simulate the hy
dration shells of B(OH)3 and B(OH)4

− . Considering the complexity of the 
aqueous environment, we constructed three groups of solvation models 
and ensured that the layouts of the first 6 water molecules (i.e., part of 
the primary hydration shell) were different in each model. Because the 
calculations involve the simulation of weak interactions in solution, 
B3LYP with a dispersion correction (B3LYP-D3) and a “superfine” 
integration grid was employed for this study to overcome the inherent 
deficiency of density functional theory (Grimme, 2011). 

For accurate calculations of isotope fractionation factors, corrections 
of higher-order energy terms need to be considered, especially for the 
isotope substitutions of light elements (Bron et al., 1973; Richet et al., 
1977; Liu et al., 2010). Therefore, seven types of corrections to the 
Bigeleisen-Mayer equation were evaluated to better calculate α3–4: (1) 
anharmonic corrections for zero-point energy (AnZPE), (2) anharmonic 
corrections for vibrational excited states (AnEXC), (3) vibration-rotation 
coupling corrections for zero-point energy (VrZPE), (4) vibration- 
rotation coupling corrections for vibrational excited states (VrEXC), 
(5) quantum mechanical corrections to rotation (QmCorr), (6) centrif
ugal distortion corrections (CenDist), and (7) diagonal 
Born− Oppenheimer corrections (DBOC) (Liu et al., 2010; Zhang and 
Liu, 2018, and the equations and citations within). To calculate these 
higher-order corrections, we selected the second-order Møller-Plesset 
perturbation theory method (MP2) (Møller and Plesset, 1934) with the 
6–311+G(d,p) basis set (Frisch et al., 1984; Krishnan et al., 1980; 
McLean and Chandler, 1980) to obtain the effects beyond the harmonic 
approximation (Liu et al., 2010; Liu and Liu, 2016), and the CCSD/pVTZ 
theory level (McLean and Chandler, 1980; Purvis and Bartlett, 1982; 
Woon and Dunning, 1993) for the calculation of DBOC (Zhang and Liu, 
2018). Here, the needed higher-order energy terms are obtained only for 
gaseous B(OH)3 and B(OH)4

− . Comparable effects can be expected in the 
liquid phase, since the vibrational modes contributing to the calcula
tions of β factors are similar (Balan et al., 2018). According to the results 
of Rustad et al. (2010), the α3–4 values calculated for the liquid phase are 
affected by the accuracy of the α3–4 values calculated for the gas phase. 
To constrain the boron isotope fractionation factor between B(OH)3 and 
B(OH)4

− in the gas phase, we used the benchmark results obtained by 
performing coupled cluster calculations covering the single and double 
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electron excitations iteratively and the triple electron excitations per
turbatively (CCSD(T)), in combination with the basis sets of 6–311+G(d, 
p) and aug-cc-pVTZ (Riley et al., 2010; Liu et al., 2021), where aug-cc- 
pVTZ adds diffuse functions (aug-) to the Dunning’s correlation 
consistent basis set cc-pVTZ, that by definition includes polarization 
functions (Dunning, 1989; Kendall et al., 1992; Woon and Dunning, 
1993). 

3. Results 

3.1. Boron isotope fractionation between B(OH)3 and B(OH)4
− in the gas 

phase 

Table 1 shows the β3, β4 and α0
3–4 values calculated for boron isotope 

exchanges between B(OH)3 and B(OH)4
− in the gas phase based on the 

RRHO and BO approximations. Both the β and α values decrease as the 
temperature increases. The results calculated at the MP2/6–311+G(d,p) 
and B3LYP/6–311+G(d,p) levels are compared with those calculated at 
the CCSD(T)/6–311+G(d,p) and CCSD(T)/aug-cc-pVTZ levels. Because 
CCSD(T) is the “gold standard” of quantum chemistry (Riley et al., 
2010), we assumed that the CCSD(T) results gave the most accurate α 
values; consequently, we selected the CCSD(T) results as our reference 
values for the harmonic approximation (Liu et al., 2021). The β factors 
calculated from CCSD(T) methods were well converged. For example, 
the β4 factors from CCSD(T)/6–311+G(d,p) and CCSD(T)/aug-cc-pVTZ 
are almost identical, and the differences between β3 factors from 
CCSD(T)/6–311+G(d,p) and CCSD(T)/aug-cc-pVTZ are within 0.002 
across the temperature range studied here. The differences between the 
β factors calculated from the MP2 and the CCSD(T) methods are also 
small, such that the α0

3–4 values calculated at MP2/6–311+G(d,p) level 
are close to those obtained from the CCSD(T) methods. However, the β 
and α0

3–4 values calculated at the B3LYP/6–311+G(d,p) level show 
larger discrepancies from the results of CCSD(T) methods, especially the 
β4 values. At 25 ◦C, the α0

3–4 values from the CCSD(T) methods range 
between 1.0305 and 1.0321, which is much lower than the results 
calculated at the B3LYP/6–311+G(d,p) level. Collectively, our results 
show that the B3LYP method may overestimate the boron isotope frac
tionation factor between gaseous B(OH)3 and B(OH)4

− by ~4–7‰ for the 
temperature range considered. 

3.2. Higher-order corrections 

The higher-order corrections to the β3, β4 and α3–4 factors at 25 ◦C are 
listed in Table 2. All corrections were calculated in the gas phase. 
Because the molecular mass of B(OH)3 or B(OH)4

− is large, the higher- 
order corrections related to rotation play an insignificant role in this 

study. Additionally at room temperature, the higher-order corrections 
contributed by vibrational excited states are also negligible. Of all cor
rections, only AnZPE and DBOC contribute significantly to boron isotope 
substitutions. For example, the contribution of AnZPE reduces the β3 
value by ~5.6‰ at 25 ◦C. When considering the effects of higher-order 
corrections, boron isotope fractionation between B(OH)3 and B(OH)4

− at 
room temperature should rise by 1.8‰. Therefore, it is necessary to 
consider the contributions of AnZPE and DBOC in this study. 

3.3. Explicit solvent models 

To estimate the improvement of utilizing the DFT-D3 method, the 
results of the B3LYP methods with and without the D3 correction were 
compared for the explicit solvent models. Table 3 shows the average 
B–O bond lengths of B(OH)3 and B(OH)4

− in our solvation models. To 
better describe the effects of weak interactions, B3LYP-D3(BJ)/ 
6–311+G(d,p) was used, where the -D3(BJ) means a Landon-dispersion 
correction (D3, Grimme, 2011) employing a rational damping function 
proposed by Becke and Johnson (2005) (BJ). When n is equal to 0, the 
results represent the calculations performed in the gas phase. The 
average B–O bond length of B(OH)3 in aqueous solution increases 
slightly in length relative to the gas phase, while the B–O bond length of 
B(OH)4

− decreases significantly because of the negative charge. The 
configurations of B(OH)3 and B(OH)4

− with a hydration shell of 36 water 
molecules are shown in Fig. 1. A hydration shell of 36 water molecules 
represents at least 2 layers of water molecules. The inner-hydration 
layer, which is the most importance for calculating the solvation ef
fects on α3–4 values, of the B(OH)3 clusters contain 7 or 8 water mole
cules, and the B(OH)4

− clusters comprise 11 or 12 water molecules. All 
water molecules are interlinked by hydrogen bonds through 4-, 5- and 6- 
member rings. 

Table 4 shows the β factors at 25 ◦C calculated for boron isotope 
substitutions within B(OH)3 and B(OH)4

− in aqueous solution. For the gas 
phase calculations, B3LYP methods with and without the D3(BJ) 
correction provide similar results for β3 and β4 factors because there are 
no weak interactions. In aqueous solution, the β factors converged for 
the clusters comprising ≥24 water molecules. The effects of hydration 
lower the β3 factor by ~4‰, and raise the β4 factors. Although the 
B3LYP and B3LYP-D3(BJ) methods give similar β3 values, the B3LYP-D3 
(BJ) method increases the β4 value by an additional ~2‰ compared to 
the B3LYP method. Because the energy shifts due to boron isotope 
substitutions are strongly correlated with the stretching vibration modes 
of B–O bonds (Kowalski et al., 2013), the changes in β factors due to the 
hydration shell can be qualitatively attributed to the synchronous 
changes in B–O bond lengths (Table 3). 

The α0
3–4 values in aqueous solution at 25 ◦C are shown in Fig. 2. 

Table 1 
Comparison of β and α factors for boron isotope exchanges between B(OH)3 and B(OH)4

− in the gas phase calculated at various computational levels.   

β3 β4 α0
3–4 

◦C B3LYPa MP2a CCSD(T)a CCSD(T)b B3LYPa MP2a CCSD(T)a CCSD(T)b B3LYPa MP2a CCSD(T)a CCSD(T)b 

0 1.2666 1.2708 1.2710 1.2729 1.2183 1.2288 1.2305 1.2302 1.0397 1.0342 1.0329 1.0347 
5 1.2591 1.2631 1.2634 1.2652 1.2118 1.2220 1.2237 1.2234 1.0390 1.0337 1.0324 1.0341 
10 1.2519 1.2558 1.2561 1.2578 1.2056 1.2156 1.2172 1.2169 1.0384 1.0331 1.0319 1.0336 
15 1.2450 1.2489 1.2491 1.2508 1.1997 1.2094 1.2110 1.2107 1.0378 1.0326 1.0315 1.0331 
20 1.2384 1.2422 1.2424 1.2441 1.1940 1.2035 1.2050 1.2048 1.0372 1.0321 1.0310 1.0326 
25 1.2321 1.2358 1.2360 1.2376 1.1886 1.1978 1.1993 1.1991 1.0366 1.0317 1.0305 1.0321 
30 1.2260 1.2296 1.2298 1.2314 1.1834 1.1924 1.1939 1.1936 1.0360 1.0312 1.0301 1.0317 
35 1.2202 1.2237 1.2239 1.2255 1.1784 1.1872 1.1886 1.1884 1.0354 1.0307 1.0297 1.0312 
40 1.2146 1.2180 1.2182 1.2197 1.1736 1.1822 1.1836 1.1833 1.0349 1.0303 1.0292 1.0308 
45 1.2092 1.2125 1.2127 1.2142 1.1690 1.1774 1.1787 1.1785 1.0344 1.0299 1.0288 1.0303 
50 1.2040 1.2073 1.2075 1.2089 1.1646 1.1727 1.1741 1.1739 1.0338 1.0294 1.0284 1.0299 

β3 is the RPFR of 11B(OH)3/10B(OH)3, β4 is the RPFR of 11B(OH)4
− /10B(OH)4

− , and α0
3–4(g) is the equilibrium boron isotope fractionation factor between B(OH)3 and B 

(OH)4
− in the gas phase calculated using the Bigeleisen-Mayer equation (i.e., α0

3–4(g) = β3/β4). 
a with the 6–311+G(d,p) basis set. 
b with the aug-cc-pVTZ basis set. 
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Similar to the convergence of β factors, the α0
3–4 values converged when 

n ≥ 24. At 25 ◦C, our α0
3–4 values in aqueous solution (n = 36) are 1.0316 

± 0.0008 and 1.0299 ± 0.0014 for the B3LYP methods without and with 
the D3(BJ) correction, respectively. These results are in good agreement 
with the previous studies of Rustad et al. (2010) and Li et al. (2020), who 
used ab initio molecular dynamics to obtain the configurations in 
explicit water. This means that the different approaches of simulating 
aqueous environments can yield similar results for studies of isotope 
fractionation in aqueous solution. Because our α0

3–4 values in aqueous 
solution are similar when n > 24, the results of n = 36 were selected for 
further calculation of solvation effects. 

4. Discussion 

4.1. The effect of ion pairs in seawater 

In seawater, B(OH)4
− can form ion pairs with Na+, Mg2+ and Ca2+, 

such ion pairs account for about 44% of total borate ions (Byrne and 
Kester, 1974). Because the mean value of α3–4 in pure water at 25 ◦C 
measured by Klochko et al. (2006) was ~4‰ larger than that of 
seawater, it is valuable to evaluate whether ion pairs could affect the 
determination of α3–4 in seawater. Table 5 shows the β4 values of the ion 
paired B(OH)4

− with Na+, Mg2+ and Ca2+ calculated at the B3LYP-D3 
(BJ)/6–311+G(d,p) level for 25 ◦C. The β4 values show consistent results 
when n ≥ 24, suggesting that the hydration shell used here reaches a 
simulation quality for presenting solvation effects on the β factors 
(Table A1). We substituted Na+ with Mg2+ or Ca2+ in the cluster of NaB 
(OH)4 with 36 water molecules to build the cluster of MgB(OH)4

+ and 
CaB(OH)4

+ due to the similar ionic radii of these cations, and optimized 
the clusters of MgB(OH)4

+ and CaB(OH)4
+ with 36 water molecules for 

frequency analyses. When n = 36, the average β4 factors of Na+, Mg2+, 
and Ca2+ paired B(OH)4

+ are 1.1937 ± 0.0009, 1.1931 ± 0.0010, and 
1.1929 ± 0.0019 at 25 ◦C, which are consistent with the β4 factor of B 
(OH)4

− (1.1927 ± 0.0009) within the computational uncertainties. 

Table 2 
Higher-order corrections to β3, β4, and α3− 4 factors at 25 ◦C calculated for boron isotope exchanges between B(OH)3 and B(OH)4

− in the gas phase.  

25 ◦C AnZPE AnEXC VrZPE VrEXC QmCorr CenDist DBOC 

β3 0.9955 0.9999 0.9998 1.0000 1.0000 1.0000 1.0112 
β4 0.9945 0.9998 0.9998 1.0001 1.0000 1.0000 1.0103 
α3–4 1.0010 1.0001 1.0000 0.9999 1.0000 1.0000 1.0008 

All corrections are calculated at the MP2/6–311+G(d,p) level except for DBOC, which used C-FOUR at the CCSD/pVTZ level. See Section 2.2 for acronyms. 

Table 3 
Average B–O bond lengths in Å of the dissolved boron species, as a function of the number (n) of solvating water molecules.  

Species Theory level n = 0 n = 6 n = 12 n = 18 n = 24 n = 30 n = 36 

B(OH)3•nH2O B3LYP/6–311+G(d,p) 1.370 1.374 1.373 1.373 1.372 1.371 1.371  
B3LYP-D3(BJ)/6–311+G(d,p) 1.369 1.373 1.372 1.371 1.370 1.370 1.370 

B(OH)4
− •nH2O B3LYP/6–311+G(d,p) 1.487 1.485 1.485 1.483 1.483 1.483 1.483  

B3LYP-D3(BJ)/6–311+G(d,p) 1.486 1.483 1.482 1.480 1.480 1.480 1.480  

Fig. 1. Configurations of B(OH)3 and B(OH)4
− species with 36 water molecules in the hydration shell, calculated at B3LYP-D3(BJ)/6–311+G(d,p). Green: boron, red: 

oxygen, pink: hydrogen, dashed line: hydrogen bond. Upper and lower row configurations are for B(OH)3 and B(OH)4
− species, respectively, and A, B and C represent 

three different molecular-cluster configurations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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According to the study of Byrne and Kester (1974), the ion pairs of NaB 
(OH)4, MgB(OH)4

+, and CaB(OH)4
+ in seawater at 25 ◦C, a salinity of 34.8 

‰, and pH = 8.2 are 3.6 ± 0.4%, 5.1 ± 0.4%, and 1.6 ± 0.2% of the 
total boron, while the proportions of B(OH)3 and B(OH)4

− are 76.4 ±
1.0%, and 13.3 ± 0.6%, respectively. If we consider the contribution of 
ion paired boron species, the overall β4 factor in seawater would be 
~1.1929 at 25 ◦C, almost identical to the β4 factor of B(OH)4

− in pure 
water. Therefore, our calculation suggests that the α3–4 values in 
seawater and pure water would be almost identical. However, we noted 
that the β4 factor of NaB(OH)4 was statistically larger than that of B 
(OH)4

− by ~1‰ within the computational error. Recently, Henehan et al. 

(2022) postulated the importance of ion pairs of boron species during 
boron incorporation into calcite and aragonite, and suggested that NaB 
(OH)4 can substitute into the carbonate lattice to balance the local 
charge. Our results imply that the ion pair of NaB(OH)4 would only 
make minor contributions (up to ~1‰) to the boron isotope effects 
during boron incorporation into marine carbonates if isotopic equilib
rium is achieved. 

4.2. Contribution of solvation effects 

Table 6 shows our calculation of the solvation effects on α3–4 at 25 ◦C. 
Because of solvation effects, the equilibrium boron isotope fractionation 
factor in aqueous solution differs from that in the gas phase (Rustad 
et al., 2010). The solvation effects in aqueous solution are mainly 
manifested in solute− water interactions that are affected by Coulombic 
interaction, repulsion, polarization, dispersion, and hydrogen bonding 
(Kubicki, 2016). Compared to implicit solvent models, simulations in 
explicit water generally provide a better description of intermolecular 
interactions, especially when hydrogen bonding is significant (Kannath 
et al., 2020). As it is unrealistic to adopt CCSD(T) in explicit solvent 
models, the application of DFT becomes the most practicable approach 
for such calculations. However, conventional Kohn-Sham density func
tional theory (KS-DFT) does not properly describe long-range London 
dispersion interactions, and may fail to provide reliable interaction 

Table 4 
Comparison of β factors calculated for aqueous solution at the B3LYP/6–311+G(d,p) level with and without the D3 Landon-dispersion correction at 25 ◦C.   

Theory level n = 0 n = 6 n = 12 n = 18 n = 24 n = 30 n = 36 

β3 B3LYP/6–311+G(d,p) A 1.2321 1.2275 1.2278 1.2272 1.2278 1.2278 1.2284   
B 1.2321 1.2283 1.2263 1.2268 1.2284 1.2296 1.2273   
C 1.2321 1.2281 1.2282 1.2278 1.2288 1.2285 1.2289   
Ave. 1.2321 1.2280 1.2275 1.2273 1.2283 1.2286 1.2282  

B3LYP-D3(BJ)/6–311+G(d,p) A 1.2323 1.2283 1.2283 1.2283 1.2280 1.2266 1.2265   
B 1.2323 1.2291 1.2272 1.2277 1.2308 1.2297 1.2293   
C 1.2323 1.2287 1.2291 1.2284 1.2269 1.2280 1.2293   
Ave. 1.2323 1.2287 1.2282 1.2281 1.2285 1.2281 1.2284 

β4 B3LYP/6–311+G(d,p) A 1.1886 1.1908 1.1906 1.1912 1.1903 1.1899 1.1904   
B 1.1886 1.1908 1.1887 1.1905 1.1902 1.1918 1.1913   
C 1.1886 1.1904 1.1905 1.1899 1.1903 1.1898 1.1898   
Ave. 1.1886 1.1906 1.1900 1.1905 1.1902 1.1905 1.1905  

B3LYP-D3(BJ)/6–311+G(d,p) A 1.1891 1.1922 1.1926 1.1934 1.1933 1.1927 1.1928   
B 1.1891 1.1922 1.1903 1.1934 1.1927 1.1939 1.1938   
C 1.1891 1.1917 1.1920 1.1910 1.1919 1.1919 1.1915   
Ave. 1.1891 1.1920 1.1916 1.1926 1.1927 1.1928 1.1927 

n is the number of water molecules used to simulate the hydration shells. A, B, and C represent the three different model configurations. Ave. is the arithmetic mean of 
A, B, and C. 

Fig. 2. Comparison of α0
3–4 values in aqueous solution calculated from the 

B3LYP method with and without the D3 London dispersion correction. 

Table 5 
β4 factors calculated for the ion paired B(OH)4

− in aqueous solution at 25 ◦C, 
using B3LYP-D3(BJ)/6–311+G(d,p).  

Ion pair A B C Ave. 

NaB(OH)4•36H2O 1.1927 1.1949 1.1935 1.1937 
MgB(OH)4

+•36H2O 1.1922 1.1944 1.1926 1.1931 
CaB(OH)4

+•36H2O 1.1932 1.1950 1.1904 1.1929 

A, B, and C represent the three different model configurations. Ave. is the 
arithmetic mean of A, B, and C. 

Table 6 
Estimation of the contribution of solvation effects to α3− 4 compared to the re
sults of Li et al. (2020) at 25 ◦C.  

Theory level α0
3–4(g) α0

3–4(l) Ksolv Notes 

B3LYP/6-31G(d) 1.0287 1.0270 0.9983 Li et al. (2020) 
B3LYP/6–311G(d,p) 1.0323 1.0296 0.9974 Li et al. (2020) 
B3LYP/6–311+G(d,p) 1.0367 1.0324 0.9959 Li et al. (2020) 
B3LYP/6–311+G(d,p) 1.0366 1.0316 0.9952 This study 
B3LYP-D3/6-31G(d) 1.0287 1.0227 0.9942 Li et al. (2020) 
B3LYP-D3(BJ)/6-311G(d,p) 1.0323 1.0254 0.9933 Li et al. (2020) 
B3LYP-D3(BJ)/6-311+G(d,p) 1.0367 1.0303 0.9938 Li et al. (2020) 
B3LYP-D3(BJ)/6-311+G(d,p) 1.0364 1.0299 0.9937 This study 

α0
3–4(g) or α0

3–4(l) is the equilibrium boron isotope fractionation factor between B 
(OH)3 and B(OH)4

− in the gas (g) or liquid (l) phase calculated using the 
Bigeleisen-Mayer equation. The α0

3–4(l) values with 36 water molecules were 
selected for comparison. Ksolv is the contribution of solvation effects to the 
equilibrium constant (i.e., Ksolv 

= α0
3–4(l)/α0

3–4(g)). Note, the Ksolv values of Li 
et al. (2020) were recalculated using their data, and are consistent between 
different basis sets under the B3LYP-D3 method. However, the α0

3–4(l) value from 
the B3LYP-D3 method can be significantly lower than the experimental obser
vations when using a small basis set such as 6-31G(d). 
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potentials (Grimme, 2011). Therefore, London dispersion corrected DFT 
methods are recommended to overcome the deficiency of KS-DFT. Of the 
current dispersion-corrected DFT methods, the DFT-D3 approach is the 
recommended method to study large systems, because of its efficient 
treatment of London dispersion interactions (Grimme, 2012). London 
dispersion is an electron-correlation effect that improves the calculation 
of potential energy surfaces, and influences the calculation of geome
tries and frequencies. As accurate determination of geometries and 
frequencies is key to obtaining reliable equilibrium isotope fractionation 
factors, application of the DFT-D3 method will improve the accuracy of 
calculating α3–4 values in aqueous solution. Therefore, we used results of 
our B3LYP-D3(BJ)/6–311+G(d,p) calculations to calculate solvation 
effects, which reduced the α3–4 at 25 ◦C by ~6‰. 

Using various DFT and MP2 methods, Rustad et al. (2010) system
atically evaluated solvation effects on predicting α3–4 values at 25 ◦C, 
they found that explicit solvation with 32 water molecules reduced α3–4 
value by ~3–5‰. Although Rustad et al. (2010) noted that DFT func
tionals cannot properly describe hydrogen bonding and dispersion, they 
did not compensate for such shortcomings. As the MP2 methods are 
better than DFT methods at describing weak interactions, Rustad et al. 
(2010) extrapolated the α3–4 values from MP2/aug-cc-pVTZ calculations 
to be 1.026–1.028; the extrapolation combined the solvation effects of 
the inner hydrogen shell of MP2 (n = 8–11) and the outer hydrogen shell 
of DFT (n = 11–32). These values agree with the measured α3–4 for 
seawater. Agreement benefits from 4 aspects: (1) when calculating 
isotope fractionation factors in solution, the effect of the inner hydrogen 
shell is more important than the outer hydrogen shell, (2) α3–4 values in 
the gas phase are closer to the true value when calculated from MP2 
methods rather than from DFT, (3) computational errors cancel out the 
effects of anharmonicity and DBOC, and (4) ion pairs show minor in
fluences on boron isotope fractionation. Rustad et al. (2010) evaluated 
the computational errors of various DFT and MP2 models; however, it 
was a computationally expensive approach for calculating isotope ef
fects in solution. Furthermore, Rustad et al. (2010) did not explain their 
extrapolation theory, limiting similar extrapolation to other solution 
systems. In contrast, our strategy allows solvation effects to be calcu
lated in a simple and understandable way. If we consider the contribu
tion of higher-order corrections, solvation effects should reduce α3–4 by 
~5–7‰ in the calculations of Rustad et al. (2010). 

Recently, Li et al. (2020) compared various basis sets using the 
B3LYP functional; they showed that the B3LYP/6-31G(d) level produced 
an α3–4 value in aqueous solution close to the experimental values. 
Consequently, Li et al. (2020) employed B3LYP/6-31G(d) to investigate 
boron isotope fractionation between tourmaline group minerals and 
fluids; they argued that the absence of diffusive functions in the basis set 
can yield better results through error cancellation. However, the 
agreement between the results of B3LYP/6-31G(d) and the experimental 
measurements could be fortuitous. Indeed, doubts about the usefulness 
of B3LYP/6-31G(d) have been raised in the past, and the using a D3 
correction on the B3LYP/6-31G(d) level would improve predictions of 
thermodynamic properties without significant additional computational 
cost (Kruse et al., 2012). Table 6 compares our results to the solvation 
effects recalculated using the data of Li et al. (2020) with and without D3 
corrections. The Ksolv values are relatively consistent when the D3 
correction was employed but are more varied for the models without the 
D3 correction. Notably, as the basis set is increased from 6–31G(d) to 
6–311+G(d,p), the Ksolv values without the D3 correction approach the 
Ksolv values with the D3 correction. This trend can also be extracted from 
the data of Rustad et al. (2010); for example, the Ksolv value generated 
from the B3LYP/aug-cc-pVDZ level is 0.9953, closer to our Ksolv value 
with the D3 correction (B3LYP-D3(BJ)/6–311+G(d,p) = 0.9937) than 
that of B3LYP/6-31G(d) (0.9983). This finding suggests: (1) although 
solvation effects may not be reproduced accurately, D3-uncorrected DFT 
methods can provide a good description of solvation effects when in 
combination with the complete basis set limit, and (2) D3-corrected DFT 
methods provide reasonable descriptions of solvation effects even with 

lower-level basis sets. 
Zeebe and Rae (2020) calculated α3–4 values using the X3LYP/ 

6–311+G(d,p) theory level, and found that solvation effects reduce the 
α3–4 value at 25 ◦C by ~6‰. X3LYP has a better description of weak 
interactions than D3-uncorrected B3LYP (Xu and Goddard, 2004; 
Grimme, 2011); therefore, it is not surprising that the effect of solvation 
on the α3–4 value estimated by Zeebe and Rae (2020) is similar to our 
prediction using the B3LYP-D3(BJ) method. However, the α3–4 value in 
aqueous solution calculated by Zeebe and Rae (2020) is ~30‰ at 25 ◦C, 
which is larger than the experimental determinations. Even if solvation 
effects can be better estimated by introducing a proper description of 
weak interactions, the physicochemical properties of the boron species 
(e.g., zero-point energies) still cannot be obtained accurately from DFT 
alone. Therefore, robust computation of energy shifts in the gas phase 
provides a better guarantee of accurate predictions of isotope fraction
ation factors in solutions. This can also explain why Li et al. (2020) 
obtained an α3–4 value in agreement with the experimental observations 
by using B3LYP/6-31G(d). Their calculated α3–4 value in the gas phase is 
1.0287, which is fortuitously close to the experimental values for the 
liquid phase when the calculation of solvation effects is close to 1. 

Based on comparisons with previous studies, we are confident that 
the application of the DFT-D3 method can benefit the calculations of 
isotope effects in solution, especially solvation effects. We found that 
solvation effects play an important role in the calculation of α3–4 values, 
which contribute approximately − 6‰ to the α3–4 value at room 
temperature. 

4.3. Temperature dependence of the α3–4 value in aqueous solution 

Once α0
3–4 values in the gas phase, correction terms, and the contri

butions of solvation effects are accurately calculated, reliable α3–4 values 
in aqueous solution can be calculated from Eq. (12). Fig. 3 compares our 
calculated α3–4 values in aqueous solution with experimental observa
tions, and shows the temperature dependence of α3–4 values between 
0 and 50 ◦C (the α3–4 values in aqueous solution can be found in 
Table A2). At 25 ◦C, our calculated α3–4 value was 1.0275, from CCSD 
(T)/aug-cc-pVTZ level, which is almost identical to the experimental 
result (1.0272 ± 0.0006) of Klochko et al. (2006). Our α3–4 value was 
1.0259, from CCSD(T)/6–311+G(d,p) level at 25 ◦C, which is almost 
identical to the result (1.026 ± 0.001) of Nir et al. (2015). At 40 ◦C, our 
calculated α3–4 values (1.0264 and 1.0249 from CCSD(T)/aug-cc-pVTZ 
and CCSD(T)/6–311+G(d,p) levels, respectively) are lower than the 
measurement (1.0289 ± 0.0048) of Klochko et al. (2006) for pure water; 
however, our values are within their uncertainty (Fig. 3). As tempera
ture increases from 0 to 50 ◦C, our α3–4 values in aqueous solution 
decrease from 1.0295 to 1.0257 for the CCSD(T)/aug-cc-pVTZ level, and 
from 1.0278 to 1.0242 for the CCSD(T)/6–311+G(d,p) level. Both 
theoretical treatments show a decrease of ~4‰ for the temperature 
range studied here, which is consistent with thermodynamic principles. 

The temperature effect of α3–4 may have potential implications for 
either calibrating δ11B values of aqueous borate or reconstructing paleo- 
pH and paleo-pCO2 (Hönisch et al., 2008). Henehan et al. (2016) pro
vided an open-ocean calibration of the planktic foraminifera Orbulina 
universa grown at various temperatures (9.0–27.9 ◦C) to obtain the δ11B 
values of borate in ambient water. The planktic foraminifera tended to 
record lower δ11B values at lower temperatures, which means that the 
temperature of the ocean would affect the boron isotope records of 
biogenic or inorganic carbonates through the temperature dependences 
of pK*B and α3–4. In modern seawater with pH = 8.2 and Salinity = 35, 
according to the results of Dickson (1990) and this study, the tempera
ture effects on pK*B and α3–4 contribute ~75% and ~ 25% of the total 
change in δ11B of aqueous borate, respectively, for a temperature change 
of 5 ◦C from room temperature (see the supplementary file). Therefore, 
it is necessary to use a temperature-corrected α3–4 rather than a constant 
to calibrate δ11B values of aqueous borate. Although Henehan et al. 
(2016) found that the δ11B values of Orbulina universa showed no 
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correlation between their offsets from aqueous borate and ambient 
temperature (which are related to the mechanism of boron isotope 
fractionation between carbonates and fluids), Hönisch et al. (2019) 
found that the slope of the open-ocean calibration of Henehan et al. 
(2016) can be more consistent with the laboratory calibrations for 
Orbulina universa if a temperature-corrected α3–4 was employed. The 
similarity of the two calibrations also suggests that the temperature ef
fect on α3–4 may have potential for better understanding the boron 
isotope paleo-pH proxy, and our results provide a robust estimation of 
the temperature dependence of α3–4 for further investigations. For 
reconstructing pH and pCO2, the temperature effect on α3–4 has a rela
tively small contribution compared to other uncertainties (Rae et al., 
2011). For example, Hönisch et al. (2019) found that the influence of 
temperature changes within 3 ◦C did not exceed the average pH and 
pCO2 uncertainty. Therefore, Hönisch et al. (2019) recommended using 
a temperature-corrected α3–4 to reconstruct the paleo-pH of the ocean 
rather than a constant α3–4 value only if the change in ocean temperature 
is >5 ◦C (i.e., an ~0.35‰ change in our calculated α3–4). 

Theoretically, the CCSD(T)/aug-cc-pVTZ level provides more reli
able molecular constants than CCSD(T)/6–311+G(d,p), but that may 
not always be so. Since the difference between the zero-point energy 
shifts calculated by the two CCSD(T) methods is only 0.2 cm− 1 for the 
boron isotope substitution in B(OH)3, it is difficult for us to evaluate 
whether the 0.2 cm− 1 difference is due to an improvement by using aug- 
cc-pVTZ in the neutral system. Considering our calculations, the results 
from CCSD(T)/aug-cc-pVTZ and CCSD(T)/6–311+G(d,p) are similar 
and are in good agreement with the experimental measurements; 
therefore, we cannot distinguish which theory level is more accurate. 
However, the α3–4 value of 1.026 at 25 ◦C, matches the aragonite pre
cipitate values of Noireaux et al. (2015) and Henehan et al. (2022). From 
this agreement, we cannot infer that a value of 1.026 for α3–4 is more 
accurate because NaB(OH)4 ion pair may play a role in aragonite pre
cipitation (Mavromatis et al., 2021; Henehan et al., 2022). If NaB(OH)4 
in solution is more enriched in 11B than B(OH)4 by ~1‰, as we calcu
lated, it may suggest that the fitting results of Noireaux et al. (2015) and 
Henehan et al. (2022) arise from the incorporation of NaB(OH)4 in 
aragonite. If so, then α3–4 in seawater should be slightly larger than 
1.026, ~1.027‰. Further first-principles calculations of boron isotope 
effects associated with surface reactions of carbonates may provide a 

clue to this issue. 

4.4. Uncertainties of α3–4 values 

The uncertainties of our α3–4 values between B(OH)3 and B(OH)4
− in 

aqueous solution are affected by: (1) the uncertainty of α0
3–4 values in the 

gas phase, (2) the uncertainty of high-order corrections, and (3) the 
uncertainty arising from the hydration shell. Error propagation from the 
three sources of uncertainly can be used to estimate the uncertainty of 
our α3–4 values in aqueous solution. To estimate the uncertainty of α0

3–4 
values in the gas phase, data from different theoretical methods and 
basis sets should be compared. Typically, the influence of the theoretical 
methods is greater than that of the basis sets, which explains why the 
α0

3–4 values obtained from B3LYP/6–311+G(d,p) have a discrepancy of 
~6‰ from those of CCSD(T)/6–311+G(d,p) in Table 1. If the basis sets 
used are close to the complete basis set limit, then α values calculated 
from different basis sets should be similar for the same theoretical 
method, which was the case for our α0

3–4 values with the CCSD(T) 
methods. Therefore, the uncertainty of our α0

3–4 values in the gas phase 
from the CCSD(T) methods can be estimated from the difference be
tween the α0

3–4 values calculated from the CCSD(T)/6–311+G(d,p) and 
CCSD(T)/aug-cc-pVTZ levels, which would be within ±0.0016 at room 
temperature. 

Considering the higher-order corrections, AnZPE and DBOC play 
important roles in improving the accuracy of α3–4 values by ~1.8‰. 
Compared with the vibrational energy shifts due to boron isotope sub
stitutions, the contributions of AnZPE and DBOC are small when 
calculating the α3–4 values. Although the higher-order corrections have 
small numerical errors, the uncertainty in AnZPE and DBOC can be 
considered negligible because the error terms cancel out when the α3–4 
values are calculated (Liu and Liu, 2016; Liu et al., 2021). As aqueous 
solutions are complex, solvation effects also contribute to the un
certainties. From the variations in our β values, the computational un
certainties of α0

3–4 values in aqueous solution are ~ ± 0.0005 (95% 
confidence interval) under the B3LYP method and ~ ±0.0010 (95% 
confidence interval) under the B3LYP-D3(BJ) method. However, 
considering the consistency in the mean values of the Ksolv corrections 
calculated with different basis sets and the B3LYP-D3(BJ) method 
(Table 6), the uncertainty in our Ksolv values is ±0.0005 for boron 

Fig. 3. Comparison of α3–4 values in aqueous solution 
across a range of temperatures (0–50 ◦C) determined 
by theoretical calculations and experimental mea
surements. Note that the results for pure water in 
Klochko et al. (2006) are selected for the comparison 
at 40 ◦C. The black line is our results based on the 
calculation of CCSD(T)/aug-cc-pVTZ, showing a 
linear fitting against temperature as α3–4 =

1.02944–7.59673 × 10− 5 T (T: 0–50 ◦C). The red line 
is our results based on the calculation of CCSD(T)/ 
6–311+G(d,p), showing α3–4 = 1.02769–7.00982 ×
10− 5 T (T: 0–50 ◦C). (For interpretation of the refer
ences to colour in this figure legend, the reader is 
referred to the web version of this article.)   
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isotope exchanges in aqueous solution. If we adopt ±0.0005 as the un
certainty in the calculated solvation effects, then the uncertainty of our 
predicted α3–4 values in aqueous solution should be within ±0.0017. 

4.5. Geochemical applications 

The theoretical calculations of this work provide accurate α3–4 values 
in aqueous solution, and accurate β factors for dissolved boron species 
(Fig. A2). The β factors are valuable for further evaluating boron isotope 
fractionation between solids (or solid surfaces) and fluids. Balan et al. 
(2018) calculated β factors of structural boron atoms in calcite and 
aragonite; additionally, they evaluated boron isotope fractionation be
tween carbonates and aqueous solution based on the β factors of B(OH)3 
and B(OH)4

− calculated by Rustad et al. (2010). Using our updated β 
factors, the boron isotope fractionation between carbonates and the 
liquid in the Balan et al. (2018) study should decrease by ~1.7‰ and 
~2.6‰ for the trigonal and tetrahedral boron species at room temper
ature, respectively. For example, at 300 K, the equilibrium boron isotope 
fractionation would be ~12.8‰ between the two trigonal boron species 
in calcite and aqueous B(OH)3, and ~ 7.2‰ between the tetrahedral 
boron species in aragonite and aqueous B(OH)4

− . 
Mavromatis et al. (2021) conducted synthetic experiments to form 

carbonates via an amorphous calcium carbonate (ACC) pathway, and 
found that boron isotope fractionation between aragonite and aqueous B 
(OH)4

− is 6.7 ± 1.3‰ at 25 ◦C. This value is in excellent agreement with 
our prediction of ~7.2‰, which supports the statement of Mavromatis 
et al. (2021) that the transformation of ACC precursors to aragonite is 
likely to lead to equilibrium boron isotope fractionation between solids 
and fluids. In contrast to the 11B enrichment of aragonite measured by 
Mavromatis et al. (2021), Noireaux et al. (2015) observed almost no 
boron isotope fractionation between aragonite and aqueous B(OH)4

−

during classical growth of carbonates. The tetrahedral boron species in 
aragonites were 40–50% and > 90% of the total structural boron atoms 
in the studies of Mavromatis et al. (2021) and Noireaux et al. (2015), 
respectively. Based on our results, an explanation is that more tetrahe
dral boron species were dehydroxylated to trigonal coordination during 
the ACC pathway, and that boron adsorption onto the aragonite surface 
controls the isotope effects during classical growth processes rather than 
equilibrium isotope fractionation. Using our data, the theoretical pre
diction of isotope fractionation between the tetrahedral boron in calcite 
and aqueous B(OH)4

− of Balan et al. (2018) would be 9.8‰ at room 
temperature. The offsets between δ11B in calcite and δ11B of borate 
observed by Noireaux et al. (2015) are 7.8–10.6‰ at around pH 7.5. The 
measured boron isotope fractionation at low pH is also close to the 
equilibrium isotope fractionation results. The experiments of Saldi et al. 
(2018) suggest that only B(OH)4

− is adsorbed onto inorganic calcite at 
near-equilibrium conditions. Thus, the agreement between our results 
and the experimental observations at around pH 7.5 suggests that the 
signatures of 11B enrichments in calcite minerals may also represent the 
incorporation of B(OH)4

− at near-equilibrium conditions. With 
increasing pH, the offsets between δ11B in calcite and δ11B in borate 
decrease significantly. For example, following the classical growth of 
calcite at pH ≈ 9, the offset is ~4‰ in Noireaux et al. (2015) and 0 ± 1‰ 
in Kaczmarek et al. (2016), and ~ − 0.8 ± 2.9‰ in Mavromatis et al. 
(2021) for the ACC pathway. As the ratio of B(OH)4

− to B(OH)3 increases 
with increasing pH, Mavromatis et al. (2021) reasoned that changes in 
aqueous speciation, such as an increase in NaB(OH)4, may be respon
sible for the isotopic changes. From our calculation at equilibrium 
conditions, significant isotope changes over a broad pH range cannot be 
attributed to the NaB(OH)4 ion pair, because the boron isotope 
composition of NaB(OH)4 is very similar to B(OH)4

− . Instead, at high pH, 
kinetic isotope fractionation during boron incorporation into calcites is 
expected. Isotope equilibrium means that the forward and backward 
reaction rates are equal for an isotope exchange reaction. If boron 
isotope exchange between carbonates and fluids is out of equilibrium 
(for example, arising from changes in aqueous chemistry), then 

attachment or detachment of boron species during CaCO3 precipitation 
may dominate the boron isotope exchange reactions. In general, the B/ 
Ca ratio of carbonates increases with increasing aqueous pH, and the B/ 
Ca ratio of aragonite is greater than that of calcite (e.g., Henehan et al., 
2022). If higher B/Ca ratio of carbonates corresponds to higher boron 
incorporation rates (i.e., incorporation versus the reverse desorption 
reaction), then the forward reaction (i.e., adsorption of B(OH)4

− onto 
carbonate, followed by uptake into the lattice) may dominate the boron 
isotope exchange reaction. Therefore, it is probable that the observed 
changes in boron isotope fractionation in calcites at higher pH result 
from fast boron incorporation rates (not CaCO3 precipitation rates, 
Noireaux et al., 2015; Mavromatis et al., 2015; Farmer et al., 2019). 

5. Conclusions 

This work proposed a theoretical strategy for improving the calcu
lation of isotopic fractionation between species in aqueous solution. 
Based on our strategy, accurate boron isotope fractionation factors be
tween dissolved boron species were determined beyond the RRHO and 
BO approximations. Benchmark results from CCSD(T) are presented for 
equilibrium boron isotope fractionation between gaseous B(OH)3 and B 
(OH)4

− . The effects of anharmonicity and diagonal Born− Oppenheimer 
correction were found to be important for improving the calculation of β 
factors of boron species. For example, the contribution of anharmonicity 
reduces the β3 value by ~5.6‰ at 25 ◦C. At room temperature, the 
contributions of higher-order corrections raise the α3–4 values by ~2‰, 
and solvation effects lower the α3–4 values by ~6‰. Our predictions 
show that the α3–4 value in aqueous solution should be 1.0259–1.0275 at 
25 ◦C, which is in excellent agreement with the experimental mea
surements of Nir et al. (2015) and Klochko et al. (2006). The dependence 
of the α3–4 values on temperature was found to decrease by ~4‰ from 
0 to 50 ◦C. Ion pairs of B(OH)4

− and cations (Na+, Mg2+, and Ca2+) were 
found to carry a boron isotope signature similar to that of B(OH)4

− in 
aqueous solution. Therefore, boron isotope fractionation between B 
(OH)3 and B(OH)4

− should be almost identical in seawater and pure 
water, and ion pairs would have minor effects on boron isotope frac
tionation between carbonates and aqueous B(OH)4

− under near- 
equilibrium conditions. However, further first-principles calculations 
examining the effect of ion pairs adsorbed onto carbonates are necessary 
to understand the correlation between Na and B incorporation into 
carbonates as found by Henehan et al. (2022). In addition, our calcu
lations provide accurate β factors of boron species in aqueous solution, 
which are valuable for understanding the boron isotope fractionation 
associated with the liquid phase; for example, boron isotope fraction
ation between minerals (or mineral surfaces) and dissolved boron 
species. 
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