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1. The determination of vector from atom i toward hydrogen bonding center (�̂�𝑗 ‒ 𝑡ℎ
𝑖 )

The general approach in determining the hydrogen bonding center is illustrated as below.  represents ̂𝐴𝐵

the unit vector from point A toward point B. 

(a) AX2E2 

Example: oxygen on water

 and 
ÂB =

A⃑B

|A⃑B|
ÂC =

A⃑C

|A⃑C|

 and 
N̂ =

ÂB × ÂC

|ÂB × ÂC|
P̂ =-

ÂB + ÂC

|ÂB + ÂC|

then

D̂1 - th
i = ̂AD =

N̂ × tan (109.5
2 ) + P̂

|N̂ × tan (109.5
2 ) + P̂|

D̂2 - th
i = ÂE =

- N̂ × tan (109.5
2 ) + P̂

| ̂- N × tan (109.5
2 ) + P̂|

 
Fig. S1. The geometry of water and its hydrogen bonding center (red cross).
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(b) AX3E1

Example: nitrogen on n-butyl amine

 , and 
ÂB =

A⃑B

|A⃑B|
ÂC =

A⃑C

|A⃑C|
 ̂AD =

A⃑D

|A⃑D|

then

D̂1 - th
i = ÂE =-

ÂB + ÂC + ̂AD

|ÂB + ÂC + ̂AD|

Fig. S2. The geometry of n-butyl amine and its hydrogen bonding center (red cross).

(c) AX1E2

Example: oxygen on acetone

  and 
ÂB =

A⃑B

|A⃑B|
ÂC =

A⃑C

|A⃑C|
 

then

D̂1 - th
i = D̂E =- ÂC

D̂2 - th
i = D̂F =- ÂB

Fig. S3. The geometry of acetone and its hydrogen bonding center (red cross).



(d) AX1E1 and AX1

Example: nitrogen on acetonitrile (AX1E1) and hydrogen on water (AX1)

  
ÂB =

A⃑B

|A⃑B|

then

D̂1 - th
i = ÂC =- ÂB

(i) (ii)

Fig. S4. The geometry including its hydrogen bonding center (red cross) of (i) acetonitrile and 
(ii) water.

(e) AX3E2

Example: nitrogen on n-methyl formamide. 

This is a special case for nitrogen whose structure is different from AX3E1. Because the electronic 
orbital resembles to Πorbital, the hb center is assume to be vertical against its backbone as in 
Fig S5. 

 and 
ÂB =

A⃑B

|A⃑B|
ÂC =

A⃑C

|A⃑C|

if  then
cosθ =

ÂB ∙ ÂC

|ÂB| × |ÂC|
< cos(15°)

N̂ =
ÂB × ÂC

|ÂB × ÂC|

D̂1 - th
i = ̂AD = N̂

D̂2 - th
i = ÂE =- N̂

Fig. S5. The geometry of n-methyl formamide and its hydrogen bonding center (red cross).



2. Examples of the hydrogen bonding surface 
The hydrogen bonding surface in COSMO-SAC(DHB) model of (1) methanol, (2) n-butyl amine, 

(3) n-methyl formamide and (4) acetonitrile are illustrated in Fig. S6. The hb -profile of COSMO-
SAC 2002, COSMO-SAC 2010 and COSMO-SAC(DHB) are also compared in Fig. S6. 

3. Detail prediction accuracy in VLE
The VLE system are categorized into three types: (a) self-association, (b) cross-association with 

one hb donor and (c) cross-association with two hb donor. The mean deviation and standard deviation 
of AARD-P and AAD-y for the three types of systems are listed in Table S1 and Table S2. The 
improvement on all three types of VLE validate the directional hydrogen bond approach can advance 
the prediction accuracy systematically. 
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Fig. S6. Illustration of the hydrogen bonding surface in COSMO-SAC(DHB) model and the comparison of hb -profile among COSMO-SAC models.



Table S1. The comparison of mean deviation and standard deviation of AARD-P in different types of vapor-liquid equilibrium.

Method COSMO-SAC 2002 COSMO-SAC 2010 COSMO-SAC(DHB)

Type*
Numbers
of mixture

Mean 
Deviation

Standard 
Deviation

Mean 
Deviation

Standard 
Deviation

Mean 
Deviation

Standard 
Deviation

Type (a) 272 9.22 5.53 6.46 3.62 5.86 3.10
Type (b) 196 10.22 7.77 9.66 8.99 8.66 6.01
Type (c) 118 6.66 5.54 5.64 4.39 5.10 4.23

*(a) self-association, (b) cross-association with one hb donor and (c) cross-association with two hb donor in the binary VLE mixture.

Table S2. The comparison of mean deviation and standard deviation of AAD-y in different types of vapor-liquid equilibrium.

Method COSMO-SAC 2002 COSMO-SAC 2010 COSMO-SAC(DHB)

Type*
Numbers
of mixture

Mean 
Deviation

Standard 
Deviation

Mean 
Deviation

Standard 
Deviation

Mean 
Deviation

Standard 
Deviation

Type (a) 272 3.27 3.13 2.40 2.11 2.10 1.95
Type (b) 196 4.38 3.46 3.69 3.33 3.47 2.52
Type (c) 118 3.05 2.24 2.79 2.30 2.55 2.23

*(a) self-association, (b) cross-association with one hb donor and (c) cross-association with two hb donor in the binary VLE mixture.




