Supporting Information: Advancing Surface Chemistry with
Large-Scale Ab-Initio Quantum Many-Body Simulations

Zigeng Huang!*, Zhen Guo!, Changsu Cao!, Hung Q. Pham?, Xuelan Wen!,
George H. Booth3*, Ji Chen*"*, Dingshun Lv'*

IByteDance Research, Fangheng Fashion Center, No. 27, North 3rd Ring West Road,
Haidian District, Beijing 100098, People’s Republic of China.
2ByteDance Research, San Jose, CA 95110, United States.
3Department of Physics, King’s College London,

Strand, London WC2R 2LS, United Kingdom
4School of Physics, Peking University, Beijing 100871, People’s Republic of China.
SInterdisciplinary Institute of Light-Element Quantum Materials,

Frontiers Science Center for Nano-Optoelectronics,

Peking University, Beijing 100871, People’s Republic of China.

*Corresponding author(s). E-mail(s): huangzigeng@bytedance.com;
george.booth@kcl.ac.uk; ji.chen@pku.edu.cn; lvdingshun@bytedance.com;

Contents
S1 Methods 2
S1.1  Systematically Improvable Quantum Embedding Workflow . . . . . . .. ... ... .. 2
S1.2  Partition wavefunction density matrix scheme . . . . . . . .. ... 0oL 4
S1.2.1 Global I-RDM . . . . . . . e 5
S1.2.2 In-cluster 2-RDM . . . . . . . . oL 8
S1.2.3 Energy Calculation in PWF-DM . . . . .. .. ... ... .. ... ... 9
S1.3  Perturbative (T) in SIE . . . . . . . .. 9
S1.3.1 The In-situ Form . . . . . . . . . . . . . . . e 9
S1.3.2 The Ex-situ Form . . . . . . . . . . . . . . e 11
S1.4  Complete Basis Set Extrapolation . . . . . . . . .. .. ... oL 12
S1.5  The Choice of BNO Threshold . . . . . .. ... ... ... ... ... ... 13
S1.6  Linear Scaling for SIE4+CCSD(T) . . . . . . . . . ... . 13
S2 GPU-Accelerated High-Performance Package 15
S2.1  SIE framework . . . . .. .o 15
S2.2  Electron repulsion integral generation . . . . . . . . ... . ... ... ... ... 15
S2.3  High-level solver: MP2 . . . . . .. . .. e 16
S2.4 High-level solver: CCSD/CCSD(T) . . . . . . .« o e 16
S2.5 PWE-DM . . . . . e 16
S3 Water molecule on graphene 17
S3.1  Outline for Achieving OBC-PBC “Handshake” . . ... ... ... ... ... ... 17
S3.2  Structures . . . ... 18
S3.3  Partition Strategy . . . . . . .. 18
S3.4  Graphene-Water Distance Optimization . . . . . . ... . ... ... .. ... ... 19
S3.5  Graphene-Water Distance Optimization under different water orientation . . . . . . . 20



S3.6 Interacting Energy Calculation with SIE+CCSD(T) . ... ... ... ... ... ... 21

S3.7  Bath truncation error correction . . . . .. ... oL oL oL 21
S3.8  Bulk Limit Extrapolation . . . . . . . . .. ... 24
S3.9 DFT Study and Geometry Relaxation . . . . ... ... ... ... ... ... ... 25
S3.10 HoO@Graphene adsorption energy . . . . . . . . . .. ..o 26
S3.11 Interacting energy calculations under different water orientation . . . . . . . . . . . .. 27
S3.12 Electron density rearrangement . . . . . .. ... oL oo oo 27
S3.13 Adsorption-Induced Dipole Moment . . . . . . . . ... ... 28
S3.14 Weak Interaction Analysis . . . . . . . . . . L L 29
S4 Carbonaceous molecules on various surfaces 30
S4.1 COQMEO(001) . . o o oo e 30
S4.2  Organic Molecules@Coronene . . . . . . . . . . . .. i 32
S4.3 CO/CO,@CPO-27-Mg Metal-Organic Framework . . . . . . ... ... ... ... ... 34
S5 Computational details for SIE calculations 35

S1 Methods

S1.1 Systematically Improvable Quantum Embedding Workflow

The main workflow of systematically improvable quantum embedding (SIE) follows Ref. [1]. SIE starts
from the low-level processing. Hatree-Fock (HF) method is used as the low-level solver throughout this
work. With the HF result, the low-level one-body reduced density matrix (1-RDM) and the localized
atomic orbitals are obtained. The intrinsic atomic orbital (IAO) localization method is used to localize
the molecular orbitals obtained from HF. The fragment is formed by IAOs. By using low-level 1-RDM
in TAO, the bath that corresponds to x-th fragment is constructed by Schmidt decomposition. Here,
we perform the Schmidt decomposition by diagonalizing the environment part of the low-level 1-RDM
that does not include the orbitals of fragment x. To do this, the ¥"'F under localized orbital basis (LO)
should be reorganized by moving each row and column in the form of

frag inter
HF vy vy

= inter env . S1
= e Lo | sy

The bath orbitals are obtained by diagonalizing vV, like
,ycnv _ CLOﬁcnvAcnvCLO%cnv’[, (82)

where the diagonal eigenvalue matrix A"V represents the occupation numbers of the environment
orbitals. For a closed-shell system, orbitals with occupation numbers between 0 and 2 that exhibit
entanglement with fragment orbitals at the HF level are termed bath orbitals. Conversely, the fully
occupied or unoccupied orbitals signify unentangled environment orbitals. The matrix C“9~°" repre-
sents the transformation coefficients from LO to these environment orbitals. By incorporating fragment
orbitals, we derive a new set of orbitals, termed embedding orbitals (EO), with the coefficient trans-
formation from LO to EO represented as

I 0
CLO%EO = [ 0 (CLO—env :| . (83)

EO is composed of fragment, bath, fully occupied and virtual unentangled environment orbitals. There-
fore, C*O~EO js split into 4 parts in column dimension, like

CLO—>EO — CLO—>EO(frag) o CLO—>EO(bath) e CLO—)EO(OCC) o CLO—>EO(vir), (S4)
where the
CLO—»EO(frag) _ [I, O}T7 (85)
CLOHEO(bath) _ [0, CLOHenv(bath)]T’ (86)
CLO—)EO(OCC) _ [0, CLO—)env(occ)]T’ (S?)



CLOHEO(Vir) _ [0, CLO—)env(vir)]T' (88)

At the mean-field level, unentangled environment orbitals are indistinguishable from the frag-
ment+bath subspace (FBS), as they could be either fully occupied or fully empty. However, typically,
the number of bath orbitals is commensurate with that of the fragment, which makes the FBS scale
insufficient for capturing significant correlations that may contribute from these unentangled environ-
ment orbitals. To relieve this problem, going beyond mean-field approaches, like correlated methods, is
necessary to capture the entanglement between the unentangled environment and the FBS, comprised
of the fragment and bath orbitals. Within the SIE framework, this entanglement is assessed through
MP2 within two separate subspaces: one formed by the occupied orbitals of the environment and the
virtual orbitals of the FBS, and another formed by the virtual orbitals of the environment and the
occupied orbitals of the FBS. As MP2 calculations are confined to these subspaces, and considering the
number of orbitals in the FBS is small enough to be considered constant, the MP2 costs are confined
to O(N3). We then construct Fock matrix FFBS by projecting the entire system’s Fock matrix into
the FBS space, following the equation

FFBS — CLO—EO(FBS)f poLO—EO(FBS) (S9)

where F is the full system Fock matrix in LO basis, and CFO~FOFBS) ig the transformation matrix
from LO to FBS, defined as

CLO—)EO(FBS) _ [CLO—>EO(frag) CLO—)EO(bath)]. (S].O)

Then, by diagonalizing the F¥BS the occupied and virtual orbitals in FBS could be described as a
transformation matrix from EO to these orbitals, like

FFBS _ CEO(FBS)—FBS _FBS yEO(FBS)»FBS{ (S11)

The CFOFBS)=FBS denotes the transformation matrix. The eFBS here denotes the molecular orbitals

energies in FBS. And the transformation matrix from LO to FBS molecular orbitals is obtained as

CLO—FBS _ LO—EO(FBS) #EO(FBS)—FBS (S12)

The transformation matrix from LO to the subspace composed of unentangled environment occupied
orbital (eo) and FBS virtual orbitals (sv) denotes CO7sub(cossv) a4

CLOﬁsub(co,sv) — [CLOﬁEO(occ) CLO%FBS(vir)] (813)
and the transformation matrix from LO to the subspace composed of FBS occupied orbital (so) and
unentangled environment virtual orbitals (ev) denotes CO7sub(0.ev) a9

CLO—>sub(so7ev) — [CLO—>FBS(occ) CLO—)EO(vir)] (814)
Using these transformation matrices, the Hamiltonian can be truncated from the full system under the

LO basis into the subspace, allowing for the performance of MP2 calculations within this subspace.
The central double excitation t?}’ in MP2 is denoted as

t¢) = —(ialjb)/ DSy, (S15)
D?jb =€+ € —€ —€ (516)

where the €;(¢;) and €,(€,) are the occupied orbital energy, the virtual orbital energy, respectively, and
ijkl (abcd) denote for the occupied(virtual) orbital. The 1-RDM could be obtained by

Yab =2 Yt —t37), (817)
ij c

Yij =205 — 2 Y (25 — th), (S18)
k ab

where the 745(7i;) denotes the virtual(occupied) part of 1-RDM. The inter part between the virtual
and occupied part in 1-RDM is 0 for MP2. Diagonalizing the 1-RDM yields the bath natural or-
bitals (BNOs) as eigenvectors, where the eigenvalues correspond to the population on the BNOs. The



variation in population (comparing MP2 with HF') shows the level of entanglement between the BNOs
and the FBS, allowing for the ranking of BNOs. Therefore, we focus only on the part of the subspace
attributed to the environment. Specifically, in the subspace composed of the occupied orbital in the
unentangled environment and virtual orbitals in FBS, all occupied orbitals come from the environment.
Therefore, we only need to consider the +;;, similarly for the virtual orbitals from the unentangled
environment. The diagonalization process is similar to the Eq. S2 and not repeated here.

The complete set of BNOs is derived from both the occupied and virtual orbitals within the unen-
tangled environment. The corresponding transformation matrix from LO to BNO could be obtained

b
Y CLO%BNO — [CLO*}EO(OCC)CEO(OCC)*}BNO(OCC) CLOHEO(vir)CEO(Vir)ﬁBNO(Vir)]. (819)

The BNO threshold, n, is utilized to truncate the BNOs. Orbitals with population variation surpassing
1 are deemed significant at the MP2 level due to their correlation with the FBS and are incorporated
into the FBS to form the SIE cluster. Therefore, the transformation matrix C*9~°" from LO to the

SIE cluster is defined by
CLO—)clu — [CLOHEO(FBS)’ CLO%BNO(n)]’ (820)

where the COBNO() get the BNOs whose population variation is larger than 7. After obtaining the
cluster’s orbitals, the cluster Hamiltonian can be truncated from the full system, allowing for direct
computation using a high-level solver. Note that the addition of bath and BNO will normally introduce
extra electrons, which must be considered in actual calculations. With this, the main part of the SIE
workflow is complete.

The MP2-ranked BNOs are identified as a source for the systematic improvability in the SIE
framework. Orbitals within the unentangled environment exhibit a significant correlation with the
FBS at the MP2 level. Therefore, incorporating more of these orbitals into the cluster allows for a
better representation of the entanglement between FBS andenvironment. This improved representation
leads to more accurate final results [1, 2].

The origin of BNOs is not strictly limited to the unentangled environment. Ref. [1] mentioned
the direct usage of the full system’s molecular orbitals to construct BNOs. In this context, before
BNO construction, the MP2-derived 1-RDM is truncated to the unentangled environment space to
ensure there is no overlap with the FBS. The outcomes sourced from these two origins of BNOs do
not substantially diverge because the environment is considerably large compared to the FBS.

S1.2 Partition wavefunction density matrix scheme

Nusspickel et al. demonstrated four distinct strategies for recovering total-energy expectation values
in quantum embedding theory [2]:

e Democratic partitioning of density matrix (DPDM). This is the default merging approach adopted
in DMET. Each cluster’s reduced density matrix (RDM) are first projected into the corresponding
fragment. The all fragment-projected RDMs are then merged along the fragment index—without
further modification—to yield the global RDMs of the full system.

e Democratic partitioning of the cumulant (DPDM-C). DPDM-C refines DPDM by retaining the
DPDM construction for the global one-body RDM (1-RDM) while building the global two-body
RDM (2-RDM) from the mean-field 2-RDM augmented by the cluster cumulants obtained with
the high-level quantum many-body solver. Because the cumulant expansion couples 1-RDMs
between different clusters (cf. Eq. 13, 14, 16 in Ref. [2]), cross-cluster information is implicitly
incorporated, leading to a systematic accuracy improvement over plain DPDM.

e Partition wavefunction in exponential form (PWF-EF). Within a configuration-interaction (CI)
perspective, the cluster wave function can be expressed in terms of excitation amplitudes.
PWEF-EF projects these amplitudes into the fragment space and evaluates and sums over each
fragment’s contribution to the correlation energy directly from this fragment-projected ampli-
tudes, finally adding the mean-field energy to obtain the total energy.

e Partition wave-function density matrix (PWF-DM). This is the protocol adopted in this paper
SIE workflow. Fragment-projected amplitudes are first used to reconstruct the RDMs, after which
the total energy is computed in the usual RDM formalism. Relative to PWF-EF, which accounts



only for in-cluster interaction, PWF-DM includes contractions between amplitudes belonging
to different clusters when building the global 1-RDM, thereby including explicit cross-cluster
information. Consequently, PWF-DM is strictly more accurate than PWF-EF.

Although DPDM-C likewise incorporates cross-cluster information and can therefore capture part
of the long-range correlation, it inherits the fundamental drawback of DPDM, that is the global RDM
is obtained by a merging of fragment-projected RDM and is not N-representable. In other words, it
is hard to find a wave function whose exact RDMs coincide with the DPDM-C construction. As a
consequence, some basic quantum numbers, such as the total electron number, can be not preserved.
Therefore, this non-N-representable expression form will introduce uncertainty to result. And, in
practical calculation, one must supplement DPDM-C with iterative fitting procedures (e.g. chemical
potential fitting) to preserve good quantum number. These extra fitting layer substantially increases
the computational overhead. And the fitting may suffer from convergence instabilities, especially when
a multi-layer fitting is imposed to constraint several quantum number simultaneously.

By contrast, the PWF series of approaches constructs the output directly from the partitioned
cluster wave functions and is therefore inherently N-representable. No ad-hoc fitting is needed, and
most good quantum numbers are respected by PWF construction. Based on this, PWF-DM strictly
more accurate than PWF-EF as discussed, while the additional computational cost is modest and
never exceeds the overall scaling of the SIE framework. For these reasons we adopt PWF-DM as the
default energy-evaluation scheme in this work.

PWF-DM is constructed from all SIE clusters” CCSD or MP2 solutions. Here we use the restricted
CCSD high-level solver as an example to get the full system RDM. The RDM at the CCSD(T) level can
be achieved by incorporating methodologies, the ex-situ form of perturbative (T), which is discussed
in Sec. S1.3.2 but further refinement for this form is necessary as discussed. When utilizing MP2 as
the high-level solver, it is important to note that MP2 has no single excitation amplitude. Thus, in
calculating PWF-DM for MP2, terms related to single excitation amplitude can be simply omitted.

In this paper, we follow the original recommendations for calculating RDMs using PWF-DM.
For one-body RDM(1-RDM), we construct a global 1-RDM for the entire system. This approach
introduces contractions between different cluster solutions, effectively incorporating cluster interactions
and thereby enhancing accuracy. Due to computational limitations, we employ an in-cluster method
for calculating the two-body RDM, meaning that the calculation is performed within each SIE cluster
without inter-cluster computations. Although the in-cluster 2-RDM lacks explicit cluster interactions,
a certain error cancellation mechanism inherent to this approach ensures that it outperforms a global
2-RDM. For further details, please refer to the original article [2].

S1.2.1 Global 1-RDM

The calculation of the PWF-DM necessitates the solution of the CCSD for each cluster. Specifically,
this includes ¢{ and t;-l;’, which are obtained from solving the CCSD equations. Additionally, it requires
AL and )\Z), which are derived from solving the CCSD A-equation Here, we adhere to the convention that
ijklm(abede) denotes the occupied(virtual) orbital index within the SIE cluster, f denotes the fragment
orbital index in the LO basis, x and y denote the indices of a different cluster. The IJKLM(ABCDE)
denotes the occupied(virtual) orbitals index of the full system. For the 1-RDM, the original paper [2]
suggests a global construction. This approach ensures the inclusion of cluster-cluster interactions. For
the normal step in building the occupied part in CCSD 1-RDM [3], it would proceed as follows

Y1 = 2015 = Pry <Z RYEY o;‘;?xfg) : (S21)
A KAB
where 6 defines as
07F = 2P B, (S22)
Pr; denotes the summation operation with indices I and J permutation like
Pry(X)=Xr;+ X1 (S23)

The t{* and A} are the single excitation amplitudes for full system, which are formed by using the

amplitudes in each cluster, like
=" t9CpiCapa, (S24)

X fxax



L= MXCpiCapa, (S25)

X fxax

where the Cy, 1 (Cy, 4) is the transformation matrix from the full system occupied (virtual) orbitals
to fragment (virtual) orbitals of the cluster x. Those transformation matrices could be obtained by
contracting the inter basis. For example, the transformation matrix from full system occupied orbitals
to the cluster x fragment orbitals could be obtained like

CEO frag) —»MO(occ) __ CLO%EO(frag CLO—)MO(OCC) (826)

where the C,I: O—EO(frag) is the transformation matrix from localized orbitals to the cluster x fragment
orbitals and the CO~>MO(oc¢) ig the transformation matrix from localized orbitals to the full system
occupied orbitals. The t?: and /\{;’f are obtained from truncating the single excitation amplitudes of
SIE cluster, like

th = Z £ Ci e (S27)

where Cj_y, is the transformation matrix in cluster x from the occupied orbitals to the fragment
orbitals. Therefore, the first part in occupied-occupied 1-RDM denotes

XN =D Dt Ci, CraCagn | | D] D AN¥Ciys,CryrCaya | - (S29)

X fxixx Yy fyiyay

The memory complexity scales as O(N?) for single excitation amplitudes, posing no significant
consumption on memory resources, which allows for the computation of complete L“I4 and A% before
proceeding with the calculations of global 1-RDM. However, for double excitation amplitudes, the size
escalates to O(N?) for the full system, presenting a potential storage challenge. Hence, when computing
the second part of the occupied-occupied 1-RDM, Y~ ;. 45 028 NJ% | simplifications are necessary to
avoid excessive memory consumption.

The same process in Eq. S24 and Eq. S25 could be performed on 0}‘{}3 and A%, like

075 = Z Z 9;‘:;;" i fx C1£.C75 CAar OBy (S30)
X fxixjxaxbx
MNib= D ANFCisC11.C1Caa O, (S31)

X fxixjx@xbx

Therefore, the Y, 45 072 A4 could be rewritten as

SoENE=>T 1D Y 00Ci 1. Cr Crj CaanCoiy

KAB KAB \ X fxixjxaxbx
S32
Z Z )\ yjy ClyfyC]fyCKJyCAayCBb ( )

Y fyiyjyayby
=222 D0 D0 D05 oy Conay Coan, C1Crsy
XY fxfy JxJy @xay bxby
where the truncated double excitation amplitudes 9?:;’: and )\g %’; are defined as
055t = 20 Cunte (33)
Iy

ATy = Z AYW Oy p (S34)



And the corresponding transformation matrices are formulated as

Cijy = Z CriCrciy s (S35)
Caray = Y Caa,Caay, (S36)
A
Choyby, = Z CBb, Chb, - (S37)
B
Note the double excitation amplitudes should have the 5ymmetry 018 = 9BA and Ay = ALY for full

system, thus, we can rewrite the summation ), 5 02BNIK as

> 0PN SCOEENAE + D 0N+ D 08N+ D 0RTNE ) . (S38)

KAB (KAB KAB KAB KAB

Although those 4 summations are equal for the full system, it would be slightly different when using
amplitudes constituted from the SIE cluster amplitudes, which are truncated within the fragment,
because the symmetry has been broken when truncating the occupied index, shown in Eq. S33 and
Eq. S34. To address this problem, the Eq. S32 will be modified based on the equation above, like

> 0NN =1 30 30 30 3 N Coas, o O, CisCo,

KAB XYy fxfy JxJy @xy bxby

S S S S S N o Con, s o,

XY fxfy IxJy @xay bxby

+ Z Z Z Z Z f::]x )\fyjycijycaxb Cb ayCI]xCny

Xy fxfy ]x]y axy by b

7 Z SN Y 5N Cigy Cary Coay Cr Cay-

XY fxfy JxJy axay bxby

(S39)

With such rearrangement, the memory usage is reduced from O(N*) to O(n?), where n represents the
size of the SIE clusters, typically no larger than a few hundred orbitals, and normally the number of
fragment orbitals is exceedingly small and generally constant. This eliminates the concern of memory
pressure. Further simplifications in computation can be achieved by utilizing certain symmetries, such
as the need for summation over cluster x and y, where x and y are exchange-symmetrical, thereby
allowing calculations for only half of the summation. Additionally, since fragments are selected in
real space, spatial symmetries between different fragments may be leveraged to further reduce the
computation cost. Moreover, even though the computation of the RDM seems complex, the actual
theoretical complexity is at most O(n?).

Finally, we give the entire global 1-RDM equation without proving. The occupied-occupied part



denotes

Vs = 2015 — Pry <Z FRVERY 9?}?)\,{1%>

A KAB

=2075 — Prjy Z Z Z i Ci 1. Cr1Carer Z Z AZ};CiyfyC,fyICayA

A X frixax Y fyiyay

1 ,
T DD D D AL Cisy Canay ot C1 Ca,

XY fxfy JxJy ax@y bxby

(540)
1 b\ Py
+ Z Z Z Z Z Z Q;ij )\azbchxfycaxaycbxbyCIijij
XY fxfy JxJy Gxay bxby
1 b\ Sy
1220020 20 D 05N Oy Caty, Caa, CrinCayy
Xy fxfy jxjy Ax Gy bxby
1 b\ Sy
1222 2 D D 07N, Ciety Coanty, Coaa, CuCiy |
Xy fxfy jxjy axQy bxby
and the virtual-virtual part denotes
an = P Stk + i
Ji 1JjC
=Pap | DD D 7 CiipCraaCapa | | D2 D A Ciy,CpyiCaya
I X fxixGx Y fyiyay
1 b\
1222220 D0 2055 A8 Crasy Ciesy Coaty CaanCay
X XY fxfy JxJy Oxay bxby (841)
xbx ) Jy
+ Z Z Z Z Z Z H;ij )‘a;:bzCfX-fijxijaxayCAbeBby
XY fxfy JxJy axay bxby
1 b\ Ty
+ 4 Z Z Z Z Z Q?ij )\azbzrCijycjxfycbxayCAaxCBby
XY fxfy JxJy Gxy bxby
1 bx\Fyi
+Z Z Z Z Z Z G?ij )\azrbchxjycjxfyC“xbyCAbeB“y )
XY fxfy JxJy Gxy bxby
and the occupied-virtual part denotes
via =tf + My =) NSt =D T dit] = daptf +> 07N
CK J B KC
=t + Xy =Y tPAE e = digt] =) dapt?
oR 7 5 (542)

1
52D, (Z 072 AS Crc Coey Crp Ca + > 072 AE Cr 1, Can Cry OACX> :

KC x kxcx kxcx

where the t? and )\’14 are defined in Eq. S24 and Eq. S25, which should be obtained first before building
the global 1-RDM, dr; = > a5 03ZNE and dap = 3,0 0492\, are the intermediate variables
when building the occupied-occupied part and virtual-virtual part in 1-RDM. By following a similar
principle shown in Eq. S38, 3 o 07SAE could also be split into (30 075 AE + 3 o 0542E) /2
then the occupied-virtual part could be rewritten as the last line in the above equation.

S1.2.2 In-cluster 2-RDM

The key point for building the in-cluster 2-RDM is to use the fragment contracted )\Z;; and )\Zi]g;
instead of using the standard amplitudes, )\Z;; and A\>?*  to build the 2-RDM within the cluster x,

axbx’



where the ,\i;; and /\Z’;Jg; denote
Ay =Y Nk P (S43)
ix
gk _ i (1
Aoty = Z )‘;ijxcz‘xi;(a (S44)
ix
where the Ci]::‘i, is constructed by contracting the fragment orbitals with the same transformation
matrix as )

Cly, = CisCigs, (S45)
fx

where the C, r, and Cj 7, are the same transformation matrix projecting occupied orbitals of the x
cluster to its fragment orbitals. However, the projected )\;’fb’; would lose the symmetry which means

)\Z’;Jg; #+ )\ZIZ’; . To keep this symmetry, one approach is

Tiwin _ L (e | yixik
N =5 (ke (S46)
and use S\Zijbi instead. The subsequent processes for constructing the 2-RDM do not differ from
the normal CCSD processing and will not be further elaborated here. It is highly recommended to
investigate the CCSD 2-RDM construction for more details see the article [3] and the PySCF code [4,

5].

S1.2.3 Energy Calculation in PWF-DM

Theoretically, once the 1-RDM and 2-RDM are obtained, all two-body or single-body observables can
be computed. Since the focus of the paper is on the energy calculation, here we demonstrate how
to use the PWF-DM 1-RDM and 2-RDM for energy computation. The Hamiltonian under Born-
Oppenheimer approximation of the entire system can be represented as

. 1
He = Eyue + Y dpoibiq + 3 > (PQIRS)abalasan (547)
PQ PQRS

where the PQRS denote the full molecular orbitals, Ey,c is the nuclear repulsion energy and dpg
represents single electron integration coefficients in the molecular basis. Therefore, the total energy
for PWF-DM could be obtained as

1
E= Enuc + Z dPQ'VPQ + 5 Z Z (pqu‘{rxsx)rpqurxsx7 (848)

PQ X Px@xTxSx

where the vpg denotes the global 1-RDM comes from section S1.2.1, and the I',_4 o, denotes the in-
cluster 2-RDM for x SIE cluster coming from section S1.2.2, the indices pxgx7xSx denote the molecular
orbitals indices within cluster x and the (pxgx|rxsx) denotes the double electron integration for cluster
x, which is projected from full system double electron integration following the equation

(Pxxlrssx) = Y (PQIRS)Crp, CqCrry Csiay- (S49)
PQRS

S1.3 Perturbative (T) in SIE
S1.3.1 The In-situ Form

As illustrated in Fig. la, the SIE+CCSD(T) includes the SIE+MP2/CCSD, perturbative (T), the
final treatment of results through the partition wavefunction density matrix (PWF-DM) sections, and
the downfolding error correction. Both the SIE embedding part and PWF-DM have been discussed
in detail in prior papers [1, 2], with comprehensive formula expressions provided in SI sections S1.1
and S1.2. The downfolding error correction is detailed in SI section S3.7; thus, these topics will not

be reiterated here. In this section, we will focus our discussion on the in-cluster form perturbative (T)
within SIE.



Our perturbative (T) calculations are performed within each SIE cluster without any amplitude

contraction across clusters. Specifically, the closed-shell (T) correlation energy E,(CT) for the x-th SIE
cluster can be described by the following formula:

ED =2 > > AR[zg] Wik,

i’
(ta>jb>kc)ex i’ €x

(S50)

where ijkl and i’ denote the occupied orbital indices within cluster x, while abcd represents the virtual
orbitals. The term A is a conditional constant, expressed as:

% ifa=band b=rc
A=4q1 ifa=borb=c . (S51)
1 else
The Z{‘;’}f denotes
Zie = Wike + Ve, (S52)
where Wi‘ﬁc, Vg% and D;?jb,f are defined as
Wike = P | > (ia, bt = > (ia, jd)t, | /DE, (S53)
l d
aoc 1 aobc . . C aoc
V;ji = 5731']‘12 [(7a, jb)t}] /szka (S54)
D%b,f and Wi‘ﬁc denotes
D =€+ €+ €k — €a — € — €, (S55)
Vihe = Wihe it (356)

where t?}’ and t¢ are the single and double excitation amplitudes from CCSD, and (pg,rs) is the
electron repulsion integral where pgrs denote occupied or virtual orbital indices here, and ¢; denotes the
occupied orbital energy and €, denotes the virtual orbital energy. Pfjl}f is the permutation operation,

PAIX] = X3+ X058 + X520 + X0 + X700 + Xhee. (S57)

And R in eq. S50 is the operation defined as

R[X]8 = AX e + Xppe + Xope — 2Xgbe — 2Xghe — 2Xghe. (S58)
The Ci];, is the occupied-occupied orbital coefficient truncated by fragment orbitals in x cluster, which
is defined as

cl, =" CisCuy, (S59)

fex

where f denotes the fragment orbitals indices (described in SI section S1.1 for detail) in the SIE cluster
x. The total correlation energy contributed by perturbative (T) correction could be directly summed
over all (T) correlation energy in each SIE cluster,

EM =3"EM. (S60)

Even though the formula involves a sixth-order tensor like Wi‘ﬁ“’ and Vi‘;zc, thanks to the divisibility
of the contraction in this form, the actual programming implementation maintains an efficient memory

usage, which does not exceed the memory and storage requirements of CCSD.
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S1.3.2 The Ex-situ Form

In the ex-situ form, global 1-RDM and in-cluster 2-RDM will be constructed for perturbative (T).
The construction of the global 1-RDM involves interacting information from different SIE clusters,
therefore a portion of the perturbation (T) calculations occurs outside of the high-level processing of
the SIE clusters, hence being termed the ex-situ form.

For global 1-RDM, the correction from perturbative (T) is given by

N 29) ) ) ISP ID IO

XY fx Iy Jxy kxhy axay bxby cxcy (S61)
(W + V)?x;) l:xR [W];yj Izy Cﬂxjyckxkycaxaycbxby C’CnyCfoIC’ny7
1
Bap=353.2.2.2.2.2.2.2.
Xy ax ay fxfy jxjyk k bxb Cxcy (862)
W+ V)?XJ:CXR[W];chi Crloty Ciniy Chaky Cboby Cerey Car ACay B
1
Bar=53.20.2.2. 2.2
Xy kx Cy foijjy AxQy bxby (863)
tE RIWIR 2 Ch, Chdy Craby Ch1 Cey
where (W + V)]“cx]x;", R [V[/']ay y,zy and t]“c:]: are the (W + V)fx] s R [W]ay y;y and t“x o with their
first occupied indices truncated into their SIE cluster fragment, as follows
AxbxCx axbxCx
(W V)5l = Y i (W4 V)P, (S64)
ix EX
b b
RWIF 5 = 22 Con RIWIZ (S65)
iy €Y
te = 2 Cundizys (S66)
1x €EX

where W, V and R operation have been introduced in eq. S53, eq. S54 and eq. S58, and t?:;t‘ is the
double excitation amplitudes from CCSD. IJKL are refereed as the occupied indices in full system
molecular orbitals space, ABC'D are the virtual indices in molecular orbitals space. the ixjxkxlx,
axbxcxdyx and fx are occupied, virtual and fragment orbitals in x SIE cluster, respectively, and similar
for the corner mark being y. C represents the coefficient matrix between different orbitals. For
example, the C, ; means the coefficient between fragment orbitals in cluster x and full system occupied
orbitals. The coefficient matrix between different SIE cluster orbitals is bridged by using full system
molecular orbitals, like

Civiy, = Z Ci1Ciyr1, (S67)
Caray = Z CoaCaya, (S68)
Crgy = Y CraCiyr, (S69)
I
For the in-cluster 2-RDM, the correction from perturbative (T) is as follows
AT anb, Z ZR Jixlme g 5 C s (S70)
2, xCxcbx
ATy ok, = —= Z Y RRW + VIS <O L (S71)
k ex ki
AT aboe, = = Z Y RRW + Vst (S72)
k dx ki
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where the C’,{xk, definition is the same with eq. S60.

It is noteworthy that in constructing the 1-RDM and 2-RDM for CCSD(T), one should also consider
generating many equal contraction path at full system level based on some exchange equivalence
principles, which has already been discussed in eq. S38. However, although the total number of
contraction paths remains the constant, the highest complexity in constructing RDM in perturbative
(T) has already reached O(n"). Attempting all contraction paths is still prohibitively expensive and
unfeasible. Therefore, this section only lists the RDMs provided by the default contraction path.

It should be emphasized that despite the ex-situ form not employing any solutions from the A
equation of CCSD, such as A} or A\, the PWF-DM portion of CCSD indeed utilizes them. Con-
sequently, it becomes necessary to incorporate the standard perturbative (T) procedure during the
iterative solving of the CCSD’s A equation and to update the solution accordingly. This step could be
realized by following the literature [6].

Although it is believed that the ex-situ form, due to the introduction of interactions between clus-
ters in global 1-RDM building, should possess improved accuracy, the complexity on the disk storage
would reach O(mn2..n?%,) owing to the global 1-RDM building, where m denotes the total number
of the clusters and nocc (nyiy) denotes the number of occupied (virtual) orbitals in cluster. This rep-
resents an order of magnitude more expensive than the disk complexity of SIE+CCSD(T) using the
in-situ form for perturbative (T) and PWF-DM scheme for CCSD, which is considered as O(mngecn?,,)
because only fragment-projected amplitudes need to be saved. Apparently, the ex-situ form will signif-
icantly influence the I/O efficiency, potentially making I/O the bottleneck in computations. A further
consideration is the steep cost associated with the ex-situ form of the perturbative (T) correction. As
indicated in Eq. S61 and Eq. S62, every pair of clusters entails an O(n”) tensor contraction, where n
denotes cluster size. Consequently, incorporating the full set of cross-cluster terms would demand a to-
tal workload that scales as O(m?n”). By contrast, the in-situ formulation performs the (T) correction
independently within each cluster, reducing the overall scaling to O(mn), which is one order lower
than the ex-situ form. As detailed in the Sec. S1.6, a single CCSD(T) calculation for a 640-orbital
cluster already consumes about 60 hours on a single A100, with the perturbative (T) step dominat-
ing the runtime. The additional order-of-magnitude cost imposed by the ex-situ scheme is therefore
computationally prohibitive, reinforcing our choice of the in-situ approach.

Data presented in the main text already show that the use of the in-situ form in SIE4+CCSD(T)
already possesses sufficient accuracy. Therefore, in all calculations presented in this paper, we will
be employing the in-situ form of SIE4+CCSD(T). However, this does not imply that the ex-situ ap-
proach should be abandoned. Perhaps with more engineering effort, the I/O consumption can be
overshadowed by the computational consumption of the CPU and GPU, thereby maintaining the over-
all efficiency of the calculations. And maybe not every pair of clusters necessarily warrants an explicit
treatment. A lightweight, low-overhead screening procedure should therefore be required to identify
which cross-cluster interactions are worth computing besides the in-cluster pairs. For example, one
might restrict the cross-cluster evaluation to nearest-neighbor cluster pairs. The effectiveness of such
heuristics, however, remains to be systematically assessed. This aspect will be the subject of our
continued research and verification in the future.

S1.4 Complete Basis Set Extrapolation

We use Dunning’s correlation-consistent series of Gaussian basis sets throughout this work. Therefore,
we follow the two-point extrapolation scheme proposed in Ref. [7]. The extrapolated HF energy is
written as

EHF _ EHF
EHF — EHF _n n+1 973
0o n 1—eB ( )

where B is a constant value of 1.637 and n is the { cardinality for basis set. The extrapolated correlation
energy follow the formula [8]
nBE;:lorr _ mSE;:norr

n3 —m3

corr __
ET =

, (S74)

where n and m are the ¢ cardinality for basis set.
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S1.5 The Choice of BNO Threshold

A smaller BNO threshold generally leads to more accurate outcomes at the expense of increased
memory usage. When using the canonical CCSD(T) as a solver, the cluster is limited to 800 orbitals
in size due to the out-of-memory (OOM) issue. Therefore, in this work, the guiding principle to set
the BNO threshold is as small as possible to make the largest clusters not exceed 800 orbitals. 1078
is found to be a suitable value. Note in most adsorption cases, with the same BNO threshold, the
cluster size constructed from the fragment in the substrate is usually smaller than that in adsorbate.
Therefore, in practice, different thresholds are often set for fragments in the substrate and adsorbate
to prevent the OOM issue in CCSD(T) calculations.

S1.6 Linear Scaling for SIE4+CCSD(T)

According to the main workflow of SIE+CCSD(T), the complexity of SIE4+CCSD(T) is influenced
mainly by three aspects. First, the full system MP2 is used to estimate correlations outside the
clusters, and thus, it is typical to perform a canonical MP2 calculation on the full system, which has
a computational complexity of O(N®) where N represents the full system size. However, if SIE+MP2
with a smaller BNO threshold or other local MP2 methods are employed to estimate correlations
outside the clusters, the complexity of this component will be reduced. The second aspect is the BNO
building, which is the theoretical complexity in the original SIE, marked by O(N?) for a cluster [1], the
BNO building cost for all m clusters takes O(mN?). Clearly, the BNO building cost is not comparable
to the full system MP2 cost, and thus can be omitted in the total scaling of SIE4CCSD(T). The
final part comes from the time consumption of CCSD(T); performing a CCSD(T) calculation within
a SIE cluster of size n is characterized by a complexity of O(n7). If there are m clusters in the SIE
calculation, this part of the cost is O(mn”). Therefore, a general scaling for SIE+CCSD(T) using full
system MP2 can be formulated as

Full System MP2  Cluster CCSD(T)
O= O(N% + O@mn") . (S75)

A remarkable feature of SIE is that the cluster size converges as the system size increases with a fixed
BNO threshold. Therefore, in calculations where the system size systematically expands, such as in
adsorption energy computations where the surface is enlarged to converge the interacting energy, the
actual CCSD(T) time consumption becomes a constant number as n converges. At this point, the
complexity shifts from O(mn”) to a linear scaling O(Cm), where C represents the constant CCSD(T)
time consumption for a size-converged cluster. Thus, the SIE+CCSD(T) scaling becomes

Full System MP2  Cluster CCSD(T)
O= O(N°) + OCm) . (S76)

However, in practical STE+CCSD(T) calculations, there can be a competition between the compo-
nents of the scaling. To illustrate this issue, consider the STE4+CCSD(T) calculation for HoOQPAH(6)
using the ccECP-cc-pVTZ basis set, which involves 6357 orbitals. The full system canonical MP2 is
used to correct the bath truncation error. In Table S1 we list the computational time utilized for the
full system MP2, BNO building in a cluster, and the CCSD(T) calculation in a cluster.

Table S1: The time consumption estimated on A100 of full system canonical MP2, one cluster BNO
building and one cluster CCSD(T) calculation for HoOQPAH(6) with ccECP-cc-pVTZ basis set.

Full system MP2  Cluster BNO building  Cluster CCSD(T)

Theoretical scaling O(N?®) O(N3) for a cluster ~ O(n7) for a cluster
Size 6357 6357 640
Time consumption 6 hours 3 minutes 60 hours

As observed, although the full system MP2 theoretically presents higher complexity than the other
two parts. its inherently non-iterative, straightforward nature of the MP2 enables its efficient imple-
mentation on GPU and ensures that its computational demand remains remarkably low, even for the
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system with thousands of orbitals. However, even though the cluster size is only about one-tenth of
the entire system size, the seventh power complexity of CCSD(T) leads to the time consumed for a
single cluster significantly exceeding the time required for the full system MP2 computation, especially
considering that it merely includes the time required for only one cluster. The cumulative time cost for
CCSD(T) across m clusters ultimately renders the costs for full system MP2 and BNO building negli-
gible. This dominance of CCSD(T) in the SIE+CCSD(T) setup ensures that the framework exhibits
a linear complexity of O(Cm) in medium-sized systems.
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Figure S1: The time consumption for the components in the SIE+CCSD(T) calculations for the

Hy;OQ@PAH systems. Here, the T' denotes the real time cost for the full system MP2 or clusters
CCSD(T) in SIE4CCSD(T) or the total SIE4+CCSD(T) time consumption. F represents the fitted
time cost based on the last 3 real time cost points.

It should be noted that the establishment of linear scaling requires certain conditions. Firstly,
for a fixed reasonable BNO threshold, the cluster size must approach convergence so that the time
consumed by a single cluster can trend towards a constant. Secondly, when employing full system
MP2, it is essential that the MP2 computation does not become the primary consuming component.
These conditions imply that the system sizes satisfying linear-scaling SIE+CCSD(T) should fall in
an interval. We illustrate this conclusion using the computational cost of HoOQPAH as the system
size increases, as illustrated in Figure S1. The MP2 time consumption, T\ip2, and the total time
consumption of SIE4CCSD(T), Tsigtccsp(r), are both depicted in main text Fig. 1b. Apart from
the time consumed by CCSD(T) in clusters and the full system MP2, other consumption can be
disregarded in SIE+CCSD(T). Thus, the difference between Tsigiccsp(r) and Typz is considered to
represent the consumption of clusters CCSD(T), i.e., Tciusters ccsp(r)- According to the Figure S1, it
is clear that the SIE4+CCSD(T) scaling has three stages with the increasing system size. In the first
stage, the system is too small, with system size below 2k orbitals. Although the clusters CCSD(T)
scaling O(mn”) dominates the SIE+CCSD(T), due to the non-convergence of the cluster size, the
complexity may slightly exceed linearity. In the second stage, the system size is moderate, as shown
by the gray area in the Figure S1 with system sizes ranging from 2k to 15k. In this stage, the
consumption of clusters CCSD(T) still remains predominant, but since the cluster size has already
converged, the scaling of clusters CCSD(T) reduces to O(Cm), allowing SIE+CCSD(T) to achieve
linear scaling. In the third stage, the system size becomes very large. Since the systems calculated using
SIE+CCSD(T) still remain within the linear scaling region, we use the fitted consumption of cluster
CCSD(T), Foiusters casp(t), combined with the fitted MP2 consumption, Fyp2, as the estimation of
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total SIE+CCSD(T) cost, Feusters cosp(r) +Fpz. Clearly, when the system size exceeds 15k orbitals,
MP2 dominates the scaling of SIE+CCSD(T).

The linear complexity of SIE+CCSD(T) indeed appears in a specific range, and this range is related
to factors such as the system type, partition strategy, and BNO threshold. However, it is observed that,
for the HoO@Graphene system, this region extends from 2k to 15k orbitals, which is sufficiently broad.
This suggests that SIE+CCSD(T) can maintain high efficiency in most problems with a moderate
system size.

S2 GPU-Accelerated High-Performance Package

This section will briefly address a few key components that might become bottlenecks in the SIE
computation process, focusing on their general implementation in engineering. For more detailed
information, please refer to the code that could already be accessed in github.

S2.1 SIE framework

In SIE, the computations for each cluster are relatively independent, leading to the use of Message
Passing Interface (MPI) to support parallel acceleration computing across multiple GPUs. Further-
more, acceleration of calculations is also supported based on the intrinsic system and partitioning
strategy symmetry in real space. That is, if fragment x and fragment y are symmetric in space, it is
possible to just compute the solution for fragment x, and the solution for fragment y can be obtained
through certain operations transformed from the solution of fragment x.

S2.2 Electron repulsion integral generation

The Electron Repulsion Integral (ERI) is foundational for performing electronic structure calculations,
with the storage consumption scaling as O(N?), which is a formidable scaling indeed. For instance, in
the largest system we have calculated with 11k orbitals, fully storing the ERI would cost about 104 PB
of storage. The density fitting method offers a scheme to reduce the size of ERI, and this trick is used
in all the calculations in this paper. After the Cholesky decomposition in density fitting , the storage
complexity of ERI (CDERI) is reduced to O(N2N,,), where N, represents the size of the auxiliary
basis used for density fitting, typically several times the size of the system’s total number of orbitals,
N. Even with density fitting, storing systems with 11k orbitals still requires 20-30 TB of storage
space. This extreme storage requirement makes it nearly impossible for ERIs to be stored in running
memory or even on disk. However, in SIE, the computations involving ERIs are mostly conducted
within subspaces, such as SIE clusters, thus reducing the storage requirement to O(mn?N,,y), where
m is the number of subspaces, and n is the size of the subspaces.

Even though the CDERI in subspaces should be truncated from the full system’s CDERI, it is still
unnecessary to store the complete ERI or CDERI. In our software package, the subspace’s CDERI
is generated on-the-fly. The full system CDERI is produced in slides-by-slides manner and used to
generate the subspace’s CDERI. Once used, the space taken by the full system CDERI slides would be
discarded, reusing the memory to generate the next full system slides. This ensures that the subspace’s
CDERI can be generated without storing the full system’s CDERI, greatly saving on Input/Output
cost.

The size of the subspace’s CDERI can be further reduced through the use of a truncated auxiliary
basis, as the subspace’s CDERI still employs the full system’s auxiliary basis, which is clearly redundant
for the size of the subspace. In theory, singular value decomposition (SVD) can be utilized to directly
decompose a subspace x’s CDERI (L|(pxGx)pair), Where (pxgx)pair indicates that the indices pxgx are
paired into a single index. Even though subsystems are small, typically comprising several hundred
orbitals, it’s often the case that n? > N,., leading to a SVD complexity as high as O(n*Nuuy).
Therefore, an alternative path can be sought, as follows

(L‘L) = Z (L|pqu)(pqu|L)7 (877)

Pxqx

then diagonalizing the matrix (L|L)
(LIL) = (L|Lx)S*(L|Lx)", (S78)
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where S is the singular values for the SVD result of (L|pxqx) and the (L|Lx) is the left singular matrix.
A threshold & for 82 could be set to cut off the new dimension Ly like (L|Ly()). The suggested value
for k£ is 1078, Then the new subspace CDERI with truncated auxiliary dimension could be

(L (7)) = D (L ()| L) (LIpx)- (S79)
L

Z2x). In CCSD and CCSD(T)
calculations, the full 4-order ERI is frequently used, leading to many contractions like

(pXQX|Tx5x) = Z(pxCIx|Lx(H))(LX(K) |TX5X)' (SSO)
Ly

Implementing this SVD approach reduces the complexity to O(n?N?

Truncating Ly (k) can significantly reduce the computational cost of such calculations, thereby accel-
erating high-level solver.

In addition, engineering improvement has been done to ensure computational efficiency. The code
design incorporates the use of a ping-pong buffer strategy, where memory is divided into two parts.
This ensures that computational tasks and I/O tasks alternatively running in the two memory blocks,
allowing the time consumed by I/O tasks to be effectively covered by computational time, thereby
enhancing overall computational efficiency. Moreover, thanks to this on-the-fly, and slides-by-slides ERI
generation mechanism, the processing can be accelerated through parallel processing across multiple
GPUs.

S2.3 High-level solver: MP2

MP2 is utilized extensively within the SIE4+CCSD(T) framework, for instance, in the construction
of BNOs, in canonical MP2 correction, and sometimes within SIE as a high-level solver. We have
made several targeted improvements to our MP2 solver, noting that the relative number of occupied
and virtual orbitals, as well as different contraction orders, can significantly impact MP2’s memory
consumption. Hence, we specifically designed several different schemes for calculating MP2. The
ping-pong buffer mechanism has also been introduced to cover the I/O costs between CPU and GPU.
Given the simplicity of MP2 principles, it also supports the splitting of matrix contractions, allowing
for multi-GPU parallel acceleration of MP2. With those considerable engineering efforts, MP2 can
now compute systems with over 11k orbitals, and it has not yet reached its up limit.

S2.4 High-level solver: CCSD/CCSD(T)

CCSD and CCSD(T) are used as high-level solvers within the SIE framework. Although the CCSD and
CCSD(T) are infamous for their prohibitive O(N®) and O(N”) computational scaling, an even more
formidable obstacle in practice is their memory consumption, which directly dictates its feasibility.
The challenge is exacerbated on GPUs, whose useable memory is typically limited to only a few tens
of GBs. For example, in canonical CCSD, more than ten intermediate tensors scaled as O(N%) should
be saved in memory. If all of these intermediates were kept resident in GPU memory, the computable
system size may be restricted to fewer than 200 orbitals.

To mitigate this bottleneck we adopt a three-pronged strategy. First, the tensor-contraction se-
quence is rigorously reorganized so that related intermediates are generated, consumed, and discarded
within the shortest possible time window. Second, any intermediate that is reused but inexpensive
to recompute is generated on-the-fly whenever needed rather than cached. Third, the few indispens-
able large intermediates are off-loaded to CPU memory, while asynchronous CPU- GPU transfers are
scheduled to be overlapped by GPU kernels running, thereby hiding I/O latency. Throughout, strict
bookkeeping ensures that both CPU and GPU memory usage remain within predefined limits.

With these optimizations a single A100 GPU can now execute CCSD/CCSD(T) for systems of
roughly 700 orbitals, which is sufficient for the vast majority of typical SIE clusters treated in this
work.

S2.5 PWF-DM

The in-cluster 2-RDM from PWF-DM can be computed in-cluster after completing the CCSD calcu-
lations without I/O cost. However, the global 1-RDM is not so straightforward, due to the interaction
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between clusters. As a result, the amplitudes computed from all clusters must be stored on disk until
they are read into CPU and GPU memory for the construction of the global 1-RDM, leading to signif-
icant I/O costs between disk, CPU and GPU. Traditional ping-pong buffers often fail to cover these
I/O costs due to the considerable size differences between clusters. There might be situation where
amplitudes for the next step calculation hasn’t been loaded yet while the computations for the previous
step are already complete, or the data for the next step is already loaded while the computations for
the previous step haven’t finished yet, thus wasting either I/O bandwidth or computational resource.

Therefore, we introduced a dedicated memory pool in CPU memory architecture to address this
problem. In essence, the pool pre-fetches as many amplitudes from disk as permitted, filling the pool
to capacity. While the GPU kernels execute, they draw the required amplitudes directly from this
pool; whenever amplitudes are consumed by GPU and the corresponding space is liberated, the next
amplitude is streamed in immediately. All transfers are orchestrated asynchronously, and a unified
control routine throttles the pre-fetch according to the instantaneous “water level” of the pool. This
design hides disk-to-memory latency almost entirely, ensuring that the GPUs remain continuously and
efficiently supplied with data.

Besides, the system’s inherent real-space symmetry and the exchange symmetry in the eq. S40-S42
between x and y are also utilized to reduce the amount of computation.

S3 Water molecule on graphene

S3.1 Outline for Achieving OBC-PBC “Handshake”

The adsorption energy of the water@graphene system was calculated using both OBC and PBC mod-
els(see Sec. S3.2 for detailed settings of the OBC and PBC structures), achieving an agreement be-
tween the OBC and PBC results, i.e., the OBC-PBC ”handshake”. This is made possible by the
SIE+CCSD(T) framework’s capability to perform calculations on the large systems and achieve ”gold
standard” CCSD(T) accuracy. And it also requires the tuning of settings and further corrections
tailored to the specific problem.

Firstly, the two hyperparameters of SIE, the BNO threshold and the partition strategy, still require
specific settings. We have demonstrated and explained the setting of these two hyperparameters in
Sec.S3.3 and Sec S3.7. In addition, the remaining potential errors require further correction.

e Bath Truncation Error. This error arises from the truncation of the cluster space. In the
Method Sec.4.1, we mentioned that the difference between the full system MP2 and SIE4+MP2
can be used to compensate for this part of the error up to the MP2 level. In Sec. S3.7, we will
further restrain at the CCSD(T) level in small systems.

e Basis Set Incompleteness Error. This error occurs because the Gaussian basis sets used are
truncated. The way to compensate is to use two sets of Dunning’s correlation-consistent series
of Gaussian basis sets and extrapolate the result to the Complete Basis Set (CBS) limit using
the extrapolation technique mentioned in Sec. S1.4.

e Basis Set Superposition Error. This error occurs when calculating interacting energy and
can be eliminated using the counterpoise correction for algorithms employing Gaussian basis sets,
which has been discussed in the main text’s Method Sec. 4.2.

e Geometry Relaxation. This is the error caused by substrate and adsorbate structural re-
laxation due to the adsorption. We have demonstrated in Sec. S3.9 that DFT can be used to
estimate this error.

e Finite Size Error. Eliminating this error is key to achieving the OBC-PBC “handshake”. This
error is caused by the system size being not enough large and it decays as the simulation system
size increases. The value or decay form of this finite size error is affected by boundary conditions.
By fitting the trend of the results as the OBC/PBC system size increases, we can obtain the
result for an infinite large system, which means this result is under the bulk limit condition.
Thus, the finite size error is completely eliminated in this result. Please see Sec. S3.8 for detailed
information.
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After these treatments, the accuracy of the final result should approach the ground truth and be
independent of the boundary conditions, thus naturally achieving the OBC-PBC handshake. The
estimation of all errors and the derivation of the final adsorption energy are summarized in Sec. S3.10.

S3.2 Structures

Figure S2: (a) OBC structure 0-leg@PAH(10). (b), (c) is the zoom-in picture for 2-leg configuration
in picture (d) and 0-leg configuration in picture (a), respectively. (d) PBC structure 2-leg@Graphene
with supercell with 16 x 16 x 1 unit cell.

Various efforts in studying the calculation of adsorption energy for the system water monomer
on graphene [9-15], of which two frequently mentioned configurations, 0-leg and 2-leg, are the most
likely candidates for the ground-state adsorption configurations. The 0-leg configuration, where two
hydrogen atoms from the water monomer are oriented away from the graphene, is shown in Figure S2b
and the 2-leg configuration, where the hydrogen atoms are oriented towards the graphene, is shown in
Figure S2c.

In this study, graphene under Open Boundary Conditions (OBC) is modeled using a series of
polycyclic aromatic hydrocarbons (PAHs) as substitutes. PAHs can undergo systematic expansion by
adding carbon atoms around the periphery. The number of rings denoted by &, marks the size of
the PAH, PAH(%), and the molecular formula of PAHs can be expressed as Cgp,2Hgp,. Under Periodic
Boundary Conditions (PBC), structures were computed at the I' point, and the corresponding overall
expansion is achieved by extending the k x k x 1 supercell at the I' point, containing 2k? carbon atoms.
Figure S2 displays the largest systems calculated under the ccECP-cc-pVDZ basis set within this
paper, with Figure S2a showing PAH(10) calculated under OBC, and Figure S2b showing a supercell
with 16 x 16 x 1 unit cell under PBC.

Considering that the adsorption energy between water and graphene is very weak, the deformations
effect is relatively small. Therefore, in the STE4CCSD(T) calculations, the configurations employed are
those of water and graphene in their independent thermal equilibrium states. Here, we only optimize
the distance between the water and graphene and use the equilibrium distance configurations to do the
interacting energy calculations. The influence of geometry relaxation will be estimated by DFT. For
the detailed information in graphene or PAHs, the bond length is 1.42 A, and all C-C-C bond angles
are 120°. For the peripheral C-H bonds in PAHs, the bond length is 1.089 A. The O-H bond length
within water molecules is 0.957 A, and the H-O-H bond angle is 104.5°. The geometry relaxation
resulting from adsorption is obtained by using DFT and subsequently corrected in the final adsorption
energy.

S3.3 Partition Strategy

The water monomer was considered as an independent fragment, and each carbon atom on the graphene
was also treated as a separate fragment. Specially, for OBC, the PAH essentially is a regular hexagon,
where all the edge hydrogen atoms on each edge are considered as a single fragment. Therefore,
the size of edge hydrogen fragments will grow with increasing PAH size. In Figure S3, we show the
partition in HoO@QPAH(2) as an example. In this work, the fragments are kept deliberately small.
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Figure S3: Each differently colored box represents a distinct kind of fragment: the red box denotes
the water monomer fragment, the blue box denotes the carbon fragment in graphene, and the yellow
box denotes the edge hydrogen atoms fragment.

This choice is made based on an insight that the BNO construction already embeds beyond-mean-field
information from MP2, while the fragment and its bath are only constructed at the mean-field level.
Expanding a cluster by adding BNOs is therefore markedly more efficient than enlarging the fragment
itself. As discussed in the original SIE study [1], see Fig. 3 therein, the BNO expansion accelerates the
convergence of the energy relative to fragment expansion. Our strategy is thus to retain the fragments
at the smallest reasonable size, where most of the fragments only contain 1 atom. And the clusters
are expanded with as many BNOs as practicable, up to the computational limit of our CCSD(T)
calculations.

S3.4 Graphene-Water Distance Optimization

In previous studies, there has been a significant difference in the reported equilibrium distances from
the oxygen atom in water monomer to the graphene surface in 2-leg and 0-leg configurations [12, 13,
15]. In table S2, we summarize this equilibrium distances from various works, as well as those obtained
after our optimization with SIE4+CCSD.

Table S2: The equilibrium distances between the oxygen atom in water monomer and the graphene
surface in 2-leg and 0-leg configurations.

Reference  0-leg (A)  2-leg (A)

[12] 3.06 3.20
[15] 3.075 3.155
[13] 3.10 3.37
SIE+CCSD  3.155 3.505

During the optimization process, the SIE4+CCSD method was utilized, employing the structure
of PAH(6), and the partition scheme as described in section S3.3. This approach aimed to obtain
relatively accurate interacting energies using the smallest possible basis sets. Therefore a mixed basis
set strategy was employed: for the water monomer, the aug-cc-pVDZ basis set was used; for carbon
atoms, the cc-pVDZ was selected, and for edge hydrogen atoms, the STO-3G basis set was applied. The
BNO threshold for the water monomer fragment was set to 10752, while for the remaining fragments,
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Figure S4: (a) Side views of water monomer in 2-leg and 0-leg configurations. After optimization, the
distance between the centers of the oxygen atoms in 2-leg and 0-leg configurations is 0.35 A. A point
located 0.175 Afrom the oxygen atom in the direction from the negative polarization end towards
the positive end is used as the rotation center. Water monomer rotates around the axis which is
perpendicular to and through the rotation center. (b) Examples of the water molecule rotating around
the rotation center, where 6 refers to the rotational angle relative to the 2-leg configuration. (c) For
different 6 configurations, changes in the interacting energy relative to the distance from the rotation
center of the monomer to the graphene plane.

it was set to 10785,

During optimization, the search for the equilibrium distance of the water-graphene in the 2-leg
and 0-leg configurations started from 3.155 A, with a step size of 0.05 A. Given the sufficiently small
step size, the difference in interacting energy between consecutive steps at the equilibrium distance
range was very small, within 1 meV. Therefore, we did not perform any further numerical fitting
and directly selected the point with the minimum interacting energy as the equilibrium distance for
subsequent adsorption energy calculations.

S3.5 Graphene-Water Distance Optimization under different water orien-
tation

Table S3:  dc_g denotes the equilibrium distance from the rotation center to the graphene surface.
And do_¢g denotes the equilibrium distance from O atom in water monomer to the graphene surface.

0 0° (2-leg) 30°  60°  90°  120° 150°  180° (O-leg)
do_c (A)  3.33 343 343 333 333 333 3.33
do_c (A) 3505 3582 3.518 3.330 3.243 3.178 3.155

For different orientation water on graphene, to ensure consistency in the electronic response induced
by the positive and negative polar ends of the rotating water molecule on the graphene surface, we
designated the midpoint location of the oxygen atoms in the 0-leg and 2-leg configurations under equi-
librium distance as the rotation center, as depicted in Figure S4a. The water monomer rotates around
an axis passing through the rotation center and perpendicular to the plane of the water monomer.
The rotation initiates from the 2-leg configuration and we define the rotation configurations by the
angle 0 relative to the 2-leg configuration, as illustrated in Figure S4b. Thus, the 2-leg configuration
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corresponds to 6§ = 0°, and the 0-leg configuration to § = 180°, with additional rotations at theta =
30°, 60°, 90°, 120°, and 150° also considered.

Note these configurations are all optimized to find the equilibrium distance from the rotation
center, instead of the O atom in water monomer, to the graphene surface, as shown in the Figure S4c.
The distance optimization setting is performed as section S3.4 discussed, but with step size of 0.1 A.
All equilibrium distances between the rotation center and the graphene surface are summarized in
Table S3. It is important to note that, although the equilibrium distance between the rotation center
and the graphene surface is very similar, due to the rotation angle 6, there is still a slight difference
in the final equilibrium distance between the oxygen atom in the water monomer and the graphene
surface which also be calculated and shown in Table S3.

S3.6 Interacting Energy Calculation with SIE4+CCSD(T)

In the calculations of HoO@Graphene, the BNO threshold for the water monomer fragment is set
to 10765, which is the smallest BNO threshold we could take and results in the adsorbate cluster
containing 700 orbitals at most. While for other fragments, it is set to 10739, The fragmentation used
the strategy mentioned in section S3.3, and the distance between the water monomer and graphene
plane is fixed with the values mentioned in section S3.4. Basis set used ccECP-cc-pV(D,T)Z (ccECP-
(D,T)Z). It is worth noting that, all calculation settings, including the basis set, the distance between
water monomer and graphene, the threshold setting and others, are the same for the 0-leg and 2-leg
configurations in OBC and PBC. Furthermore, it should be noted that the use of the ccECP basis
set is not for the sake of reducing the computational cost. Typically, using the cc-pVzZ basis sets
for PBC calculations in STE+CCSD(T) leads to CCSD diverge, whereas the ccECP-cc-pVzZ does not
encounter this issue. All data are listed in Table. S4-S7, in a unit of meV.

Table S4: Interacting energy (in meV) for 2-leg with OBC.

Structure ccECP-DZ  ccECP-TZ CBS
2-leg@PAH(2) -78 -121 -138
2 leg@QPAH (4) 68 111 128
2 legQPAH(6) ) _105 122
2-leg@QPAH(8) -60 -104 -121
2-leg@PAH(10) -58 / /

Bulk limit extrapolation / / -114

Table S5: Interacting energy (in meV) for 0-leg with OBC.

Structure ccECP-DZ  ccECP-TZ CBS
0-leg@PAH(2) 12 26 40
0-leg@QPAH(4) -29 =72 -90
0-leg@PAH(6) -46 -84 -100
0-leg@PAH(8) 47 87 104
0-leg@PAH(10) -48 / /
Bulk limit extrapolation / / -107

S3.7 Bath truncation error correction

For any method involving partitioning, there is an inherent error because the subspace size is generally
much smaller than the entire system, leading to a poor handling of correlations outside the subspace.
Such error stems from the Hamiltonian being truncated to within the subspace. To estimate this
error within the SIE framework, a relatively inexpensive correlated method is chosen to measure the
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Table S6: Interacting energy (in meV) for 2-leg with PBC.

Structure ccECP-DZ  ccECP-TZ CBS
2-leg@4 x 4 x 1 -30 -65 -79
2-leg@8 x 8 x 1 -51 -95 -112
2-leg@10 x 10 x 1 -57 -100 -116
2-leg@14 x 14 x 1 -57 -99 -116
2-leg@16 x 16 x 1 -58 / /

Bulk limit extrapolation / / -117

Table S7: Interacting energy (in meV) for 0-leg with PBC.

Structure ccECP-DZ  ccECP-TZ CBS
0-leg@4 x 4 x 1 -21 -51 -64
0-leg@8 x 8 x 1 -48 -83 -99
0-leg@10 x 10 x 1 -50 -89 -106
0-leg@14 x 14 x 1 -52 -88 -104
0-leg@16 x 16 x 1 55 / /

Bulk limit extrapolation / / -106

difference between the result obtained directly using this method for the full system and the result
derived using it as a high-level solver for the SIE. MP2 is considered as a suitable choice. Thus, in the
main text’s method section 4, bath truncation error correction is detailed as

AByp;” = Bupa — Bty aips, (S81)

where AEBLEC denotes the bath truncation error correction at MP2-level, Ejyips denotes the full
system MP2 correlation energy, and Eglvgfi?% denotes the correlation energy calculated by SIE-+MP2
with PWF-DM. It is noteworthy that making this correction does not necessarily require a full system
MP2 calculation. All methods which as long as can capture more correlation outside the cluster space
are acceptable to do this correction. For instance, employing SIE4+MP2 results with a smaller BNO
threshold is acceptable, which can save some computational resources. In this article, thanks to the

efficient engineering implementation of MP2, ESIEC is directly obtained from a full system MP2

calculation. In addition, E§WY b3 should utilize the same SIE settings as those used for obtaining

EPWF-DM
STE+CCSD(T)*

The MP2-level bath truncation error correction is considered part of the SIE4+CCSD(T) workflow,
utilized in all computations within this paper. Unless specifically stated otherwise, it is assumed that
this correction has been applied in the results of the SIE+CCSD(T). However, strictly speaking, the
bath truncation error of SIE+CCSD(T) should be derived from the difference between full system
CCSD(T) and SIE+CCSD(T) results. The correction obtained through MP2 still slightly deviates
from the ground truth. Like the results demonstrated in Figure S5, for the HoOQPAH(2) system,
although the SIE+CCSD(T) results already include the AESLEC, a small gap still remains compared
to canonical CCSD(T) outcomes.

Fortunately, for a series of systematically expanded systems, such as the HoO@QGraphene system,
the CCSD(T)-level bath truncation error correction can be calculated on the smallest system and
then applied this correction as a constant to larger systems, thereby enhancing the accuracy of SIE
calculation. Specifically, for the OBC HoOQPAH(h) system, the bath truncation error correction can
be estimated as

AEPTEC(0BC, h) = AEyps°(OBC, h) + AEGEES 1) (OBC, 2), (582)

where AEBTEC(OBC, k) denotes the MP2-level bath truncation error correction for the OBC sys-

tem HoOQPAH(h) defined in Eq. S81. And EEEES(T)(OBC,Q) denotes improved part of the bath
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Figure S5: In 2-leg/0-leg@PAH(2), as reducing the BNO threshold, the variation of interacting energy
calculated by SIE+CCSD(T) (green solid line) relative to canonical CCSD(T) (red line), canonical
CCSD (black line), and canonical MP2 (blue line) are shown. The green dashed line SIE+CCSD(T)
with 7main corresponds to the results calculated using the BNO threshold settings discussed in the
main text, which is 10765 for water monomer fragment and 10~8° for carbon fragments on graphene.

truncation error correction at CCSD(T)-level for HoOQPAH(2), which could be defined as
ABEELE5 (1) (0BC, 2) = Eccsp(r) (OBC, 2, CBS) — Egiptccsp(r) (OBC, 2, CBS), (S83)

where Eccsp(T)(OBC,2,CBS) denotes the canonical CCSD(T) calculated correlation energy under
CBS for HoO@QPAH(2), and Egipiccsp(r)(OBC,2,CBS) denotes the similar correlation energy cal-
culated by SIE4CCSD(T) with MP2-level bath truncation error correction. Since the derivation of
interacting energy is based on the direct addition and subtraction of total energies, the bath truncation
error correction for interacting energy at the CCSD(T) level can be straightforwardly expressed as
AEETES 1)(0BC,2) = AEL "M (0BC, 2,CBS) — AES, TP (0BC, 2, CBS), (S84)

int int

where the AFy,; denotes the interacting energy. The final AEEEE%SD(T)(OBC, 2) values for 2-leg and
0-leg configurations are summarized in Table S8.

Table S8: OBC CCSD(T)-level bath truncation error correction (in meV) for interacting energy
estimation on PAH(2).

Configuration 2-leg  0-leg

CCSD(T
AE%‘%EC( ) 4130 -33
AEBTES 2138 -41
AESESS 8 8

For PBC, the smallest structure has 4 x 4 x 1 graphene supercell, and under ccECP-TZ basis
set the system has nearly 1000 orbitals which is beyond the upper limit we could afford to do the
canonical CCSD(T). This issue is addressed by implementing a SIE4+CCSD(T) calculation with a
smaller threshold,

int int

=[AECSSPM (PBC, 4) — AESETCCSDM) (PR, 4, )] (S85)

int int

+[AE§IE+CCSD(T)(PBC 4,15) —AE.SIEWCSD(T)(PBC 4,m)]

int int

AESEES 1 (PBC,4) =AEL P (PBC,4) — AELTTOSPM (PBC, 4,7)

where BNO threshold 7 is smaller than 1. The 7y is selected to a value such that the SIE+CCSD(T)
calculation can be performed under CBS (the largest basis is TZ here) to ensure that the difference
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between SIE4+CCSD(T) with ns and 1 can be estimated in CBS. While for the difference between
canonical CCSD(T) and SIE+CCSD(T) with n,, the difference is estimated under DZ basis set which
is affordable. Therefore, the formulation could be rewritten as

AESEES 1 (PBC,4) =[AEL P (PBC,4,D7) — AL “SPT (PBC, 4,1, D7) (556)
+[AEDEYCOSDT) (pBC 4, 1,, CBS) — AESETCOSPM) (pRC, 4,1, CBS)).

Here, 7, set as 1079 for all fragments. Then PBC CCSD(T)-level bath truncation error corrections
for interacting energy estimated in HoOQGraphene with 4 x 4 x 1 are listed in Table.S9.

Table S9: PBC CCSD(T)-level bath truncation error correction (in meV) for interacting energy
estimation on graphene with 4 x 4 x 1 supercell. 1, = 10799, Unit uses meV.

Configuration 2-leg  0-leg
AESSSPM (D) 25 -16
AESFTCOSPM () D7y L8 19
AEJETOOSDM) () CBS) .74 -58
AELETOOPM o cBs) 19 64
AEEESS () 8 8

S3.8 Bulk Limit Extrapolation

The relationship between the interacting energy and the system size is fitted with the modified nonlinear
equation [13],
AEy = A+ B/d", (S87)

where A, B, and «y are the parameters to be fitted, and d represent the radius of the graphene substrate.
The definition of substrate radius for OBC PAH and PBC graphene are shown in Figure. S6. Note,
here we use four points for the extrapolation.
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Figure S6: The definitions for radius in OBC and PBC. The edge H atoms are hidden in OBC
structure.

With ccECP-TZ basis set, we extended our calculations for OBC up to PAH(8) and for PBC
supercell with 14 x 14 x 1 unit cell. With ¢ccECP-DZ basis set, we are able to reach PAH(10) and
supercell with 16 x 16 x 1 unit cell, thereby allowing us to verify the reliability of our extrapolations
on the ccECP-DZ. All the ccECP-DZ basis set results have been listed in Table S10.The difference
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between 4-point and 5-point extrapolated interacting energy on ccECP-DZ basis set would be regarded
as the uncertainty estimated by bulk limit extrapolation, which is also listed in the Table. S10.

Figure S7 shows the bulk limit extrapolation of CBS interacting energy of 0-leg and 2-leg under
OBC and PBC. The values of the interacting energy at bulk limit could be found in Table S4-S7.
Interestingly, we observe that in PBC, for both the 2-leg and 0-leg configurations, the fitted v closely
approaches 3, meaning the dipole-dipole interaction between water monomers in different cells is the
primary factor influencing the magnitude of finite size error.
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Figure S7: The interacting energy AF;, calculated by SIE4+CCSD(T) under ccECP-(D,T)Z extrap-
olated to CBS.

Table S10: PAH(h) scales as Cgp2Hgp, and k stands for the graphene supercell with k x k x 1 unit
cell. The list for h and k is referred as the structures which take part into the bulk limit extrapolation.
AAFEg1, denotes the uncertainty estimated from bulk limit extrapolation. All energies are in meV.

OBC PBC
hin PAH 2-leg 0-leg k in supercell 2-leg 0-leg
2,4,6,8] -49 -57 [4,8,10,14] -62 -53
ECP-DZ [ y X9y 1Oy 9
« 2,4,6,810] -51  -53  [4,8,10,14,16] -61  -56
AAEFEgL / +3 +4 / 0 +3

S3.9 DFT Study and Geometry Relaxation

The graphene structure and water monomer used in interacting energy calculation are obtained from
their respective thermal equilibrium geometries. Although the interaction between graphene and water
monomer is relatively weak, the graphene and water monomer may still undergo slight deformations
due to adsorption. Therefore, the change in adsorption energy due to this geometry relaxation should
be reasonably estimated and included in the overall calculation. Generally, a complete geometry
optimization should be performed. However, such optimization is too costly for the current framework
of SIE due to the gradient calculation. Therefore, geometry relaxation is estimated at the DFT level.

In an early work [15], multiple DFT functionals are used to calculate the interacting energy of
H,0@Graphene. B3LYP+D3, BLYP+D3, PBE0+D3, PBE+D3, revPBEO+D3, revPBE+D3, B97TM-
V, wB9TM-V are selected by experience from the work [15] to address this task. D3 here is the
dispersion correction for functionals [16, 17]. Inspired by this work, we performed all these function-
als under cc-pVQZ basis on HoOQPAH(4), which is selected from a series of OBC structures used
for STE4+CCSD(T) to calculate interacting energy. The calculations in this section are performed by
GPU4PySCF [18-20] and the results are listed in Table S11. As shown in Table S11, the 0-leg config-
uration of almost all functionals are comparable to SIE4+CCSD(T), while for the 2-leg configuration,
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only double-hybrid functional B97M-V and wB97M-V achieved more reasonable results comparable to
those of SIE+CCSD(T). Hence, B97TM-V and wB97M-V are employed for the relaxation of the overall

structure.

Table S11: The adsorption energies (in meV) for original structures AFEo,g.

Method AEZls  AEDles
SIE+CCSD(T)  -120 -82
B3LYP+D3 -150 -82
BLYP+D3 -151 -79
PBE0-+D3 -144 -79
PBE+D3 -146 -81
revPBEO+D3 153 73
revPBE+D3  -160 -76
BY7TM-V -133 -96
wBITM-V -131 -98

We take certain constraints during the structure relaxation process. Firstly, since the effects of
adsorption should decrease at the edges, thereby the distances between C-C and C-H on the edges of
PAH(4) are fixed during relaxation. Secondly, according to our calculations, all selected functionals
greatly underestimated the ground-state distance between graphene and water monomer. To mitigate
this issue, the distance between the oxygen atom in the water and the nearest six carbon atoms in
PAH(4) was also fixed.

The final adsorption energies for optimized structures are also shown in Table S12. And the
adsorption energy differences between the original structure and the optimized structure for functionals
are shown in Table S13. The mean value of this difference is used as the geometry relaxation correction,
AFEgeom to ultimately obtain the adsorption energy, while the root mean square deviation from this
average value AAEyeom is considered as the uncertainty of geometry relaxation.

Table S12: The adsorption energies (in meV) for optimized structures AEqp.

AEQ—leg AEO—leg

opt opt
B97TM-V -139 -103
wB9TM-V -125 -94

Table S13: The adsorption energy differences (in meV) between different functionals.

AE>Is _ Ap2les AEOls _ ApO-les

opt org opt org
B97TM-V -6 -8
wBITM-V 7 5
AEgeom 0 —9
AAEgeom +6 +6

S3.10 H,O0@Graphene adsorption energy

As previously mentioned, in the calculations for HoO@QGraphene, there are two corrections applied to
mitigate the error arising from downfolding Hamiltonian (as discussed in the section S3.7), AEE?:SES(T)
and the geometry relaxation (as discussed in the section S3.9), AEgeom. To correct the bath truncation

error, the gap between canonical CCSD(T)and SIE+CCSD(T) is estimated on smallest structure for
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Table S14: The final adsorption energy (in meV) with corrections.

OBC PBC
2-leg 0-leg 2-leg 0-leg
AERETOOPM 1y -107 117 -106
AEBTEC 8 8 8 8
Alcgeom 0 -2 0 —2
AAFEgL +3 +4 +0 +3
AAFEgeom +6 +6 +6 +6

AESIEFCESDN) 40647 _101+7 —1094+6 —100+6

ads

OBC PAH(2) and for PBC graphene 4 x 4 x 1 supercell. The changes from geometry relaxation are
fully studied by DFT using B97TM-V and wB97M-V functionals. Those two corrections are summed
up to the SIE4+CCSD(T) calculated interacting energy to form the final adsorption energy.

The uncertainty originates from two sources. One is from the bulk limit extrapolation, AAFEgy,,
which comes from using more data to do the bulk limit extrapolation on a smaller basis set, ccECP-
DZ (as discussed in the section S3.8). The other source of uncertainty comes from estimating geometry
relaxation effect under different functionals, AAFEgeom (as discussed in the section S3.9). Those two
uncertainties are taken in root-sum-square value to form the total uncertainty for adsorption energy.
All components have been summarized in the Table S14, with unit meV.

S3.11 Interacting energy calculations under different water orientation

This section provides the interacting energies obtained from SIE+CCSD calculations under differ-
ent water orientations. The SIE+CCSD calculations employed full-system MP2 to correct for bath
truncation errors. The BNO threshold settings used in SIE+CCSD are consistent with those used in
the optimization of the graphene-water distance, namely 10765 for the water cluster and 10~ for
the remaining clusters. The cc-pVDZ basis set was used in all calculations. The resulting data are
summarized in the following Table S15.

Table S15: Interacting energies (in meV) for different water orientations configurations with OBC. 6
denotes the water rotation angle.

| PAH(2) PAH(4) PAH(6) PAH(S)

0°(2-leg) -121 -106 -102 -99
30° -109 -98 -95 -93
60° -85 -83 -81 -81
90° -68 -80 -83 -84
120° -45 73 -81 -83
150° -25 -64 77 -80
180°(0-leg) | -14 -59 72 77

S3.12 Electron density rearrangement

The electron density rearrangement for a adsorption system is defined as
AD, = De(AB) - De(A[B]) - De([A]B)a (888)

where AD,. denotes the electron density rearrangement and D, denotes the electron density distri-
bution. D.(AB) denotes the electron density distribution for the full adsorbate-substrate system,
D.(A[B]) denotes the electron density distribution for only adsorbate with substrate being settled as
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ghost atom and D.(A[B]) denotes the electron density distribution for only substrate with adsorbate
being settled as ghost atom.

The advantage of this definition is that the electron density rearrangement can be considered as
only induced by adsorption interactions, excluding other disturbances. In fact, the electron density
distribution can be derived using the 1-RDM. Thanks to the specially designed partition wavefunction
RDM approach (see more details in S1.2), the global 1-RDM can be obtained via SIE4+CCSD, indi-
cating that such electron density rearrangements are characterized with CCSD level accuracy. This
undoubtedly provides a more accurate image for understanding adsorption interactions.

S3.13 Adsorption-Induced Dipole Moment

In the main text, for the configuration # = 60°, the interacting energy shows negligible variation
with increasing PAH size, indicating an fake ‘short-range interaction’ between water and graphene.
This phenomenon is caused by error cancellation. In the main text Fig. 3b, the range of electron
density rearrangement for configurations with 2-leg, 0-leg, and 6 = 60° shows no significant difference,
indicating that the interaction of the # = 60° configuration is also long-range. The change in the
system’s dipole moment caused by adsorption can also provide additional evidence. Here, the change
in dipole moment, also named adsorption-induced dipole moment in this paper, Au, can be defined as

Ap = u(AB) - u(A[B]) - u([AIB), (589)

where p(AB) denotes the dipole moment of the combined AB system, while p(A[B]) denotes the
dipole moment in the system comprising A with ghost B, and similarly for x([A]B). Here, A and B
represent the water monomer and the PAH respectively. This definition is very similar to those used
for interacting energy (Eq. 4) and electron density rearrangement (Eq. S88). Therefore, Au can be
considered as entirely introduced due to adsorption.

Dipole \ .
Moment & | O/ Rotation

R

Figure S8: The structure and coordinate axis of 2-leg@PAH(2). The dashed black arrow in the
diagram indicates the direction of water rotation. The solid red arrow marks the direction of the
dipole moment of the water monomer. Note that the x axis is perpendicular to the plane of the paper
and points outside.

The Ap for HHOQPAH(h) with h ranging from 2 to 8, were obtained from the global 1-RDM
calculated using SIE4+CCSD(T) and processed via PySCF. The Ap components along the x, y, and
z axes are shown in Figure S9. The definition of the z, y, and z axes, as illustrated, has the water
monomer rotating within the yz plane. To more distinctly observe the variation in Ap with changes
in the size of the PAH, we aligned all the curves at zero to the Ay of HoOQPAH(8), resulting in the
definition of AAy is

AA(R) = Ap(h) — Au(8). (590)

It can be observed that Apu, remains almost unchanged with the increasing size of the PAH, which
is reasonable since the component of the water monomer dipole moment in the x-axis direction is
nearly zero. Additionally, graphene does not spontaneously generate dipole moment along the x-axis,
hence Ay, is almost zero. However, once the rotation angle of the water deviates from 0° (2-leg) or
180° (0-leg), a component of the dipole moment is generated along the y-axis, and a corresponding
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Figure S9: The Ap and AAp components along the x, y, and z axes changes with the size of PAH
increasing from 2 to 8.

opposite dipole moment is induced on the graphene surface along the y-axis to partially counteract
the component of the water’s dipole moment. From Figure S9b (or f), it is evident that for the
configuration at 6 = 60°, Apu, (or AAp,) changes dramatically with the size of the PAH, highlighting
the long-range interaction between water and graphene. A similar conclusion can also be drawn from
the changes observed in Ap, (or AAp,) in Figure S9c (or g).

S3.14 Weak Interaction Analysis

As demonstrated in the main text, the water-graphene interaction is insensitive to the orientation of
the adsorbed water monomer. Here, we provide additional rationalization using the weak interaction
analysis of Independent Gradient Model based on Hirshfeld partitioning (IGMH) [21], a visualization
method to illustrate weak interactions. We utilize Multiwin software [22, 23] to perform IGMH analysis
to investigate the interaction regions and types between the water monomer and graphene. We have
tested and found that the qualitative features of IGMH analyses are similar to the SIE+CCSD(T)
and HF wavefunctions, as compared in Figure S10. Therefore, we provided more detailed comparison
of IGMH analyses between different systems with HF wavefunctions computed with cc-pVDZ basis
(Figure S11).

SIE+CCSD(T)

Figure S10: The comparison IGMH analysis between SIE+CCSD(T) and HF results. The figures are
the top view of 2-leg@PAH(6).
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In the IGMH method, the interaction strength is characterized using a quantity related to electron
density, 6" as detailed in the referenced article [21]. The final IGMH analysis results are shown
in the Figure S11. The isosurfaces in the figures represent surfaces of equal interaction strength
between adsorbate and substrate, while the colors on these surfaces represent the projection of the
interaction strength within the region enclosed by the isosurface. Therefore, if the distribution of
interaction strength within the isosurface is uneven, corresponding non-uniform color distributions
will appear on the isosurface, with the corresponding color bar provided below the figure. Empirically,
green represents van der Waals interactions, blue represents stronger attractive interactions, such as
hydrogen bonds, and red represents stronger repulsive interactions.

The most representative configurations—2-leg, 0-leg, and § = 60°—are analyzed and presented in
the first three lines of Figure S11. The isosurfaces are uniformly green, indicating that the interac-
tion strength between water and graphene is consistently even across the board, demonstrating the
characteristics of typical van der Waals interactions, and no areas of particularly strong interactions
are present. Notably, across different angular configurations, the morphology of the interaction isosur-
faces remains similarly bowl-shaped, and there are no significant changes in the intensity or range of
interactions.

For comparison, the system of CHy4 adsorbed on graphene is also analyzed. CHy, having no polarity
due to the complete overlap of its positive and negative polarity centers, exhibits almost identical
interacting energies between different adsorption configurations when interacting with the graphene
surface [25]. The most representative configurations for CH4@QGraphene are 1d and 4d. In the 1d
configuration, the carbon atom of CHy is located above the hole in graphene, with hydrogen atoms
directed towards the adjacent carbon atoms on the graphene, whereas in the 4d configuration, CHy’s
carbon atom is directly above a carbon atom of graphene, and the hydrogen atoms point toward
the holes adjacent in the graphene. In the calculations, graphene is modeled using PAH, and the
calculations are done under OBC. For both 1d and 4d configurations, structural optimization are
carried out on PAH(4) using wB97M-V, with all atoms on PAH(4) being fixed. The HF calculations
are done by replacing PAH(4) to PAH(6) in the optimized structures. The results, as shown in
the last two lines of the Figure S11, clearly show that, the morphology and intensity of interaction
region between two CH4@PAH(6) configurations and three HOQPAH(6) configurations remain highly
consistent.

This comparison demonstrates that graphene is indeed capable of canceling out the anisotropy in
interactions with water, allowing it to exhibit similar interaction strengths for the configurations across
different water rotation configurations. However, this is not commonly observed in studies related to
water monomer adsorption. Water is a highly polar molecule and prone to forming hydrogen bond,
therefore it usually shows preference towards specific adsorption sites and orientations when interacting
with surfaces.

S4 Carbonaceous molecules on various surfaces

S4.1 CO@MgO(001)

The CO@MgO(001) adsorption energy calculation primarily follows the approach detailed in a refer-
enced study [26]. The adsorption energy is composed of two parts: interacting energy and geometry
relaxation. We directly employ the geometry relaxation from the original study, which is approxi-
mately 8 meV, while the interacting energy part is calculated using SIE4+CCSD(T). Note that two
structures were used to obtain the adsorption energy in the original article. One is 4-Layer model,
which contains 4 layers of MgO. The other one is the MgO 2-Layer model, derived from the MgO
4-Layer model. The structures for those two models are shown in Figure S12. The 2-Layer model was
employed for p-CCSD(T) in the original paper. The difference between 4-Layer model and 2-Layer
model was estimated using MP2 and was regarded as a correction added back to the 2-Layer model
p-CCSD (T) results. However, thanks to engineering efforts and the relatively lower complexity of
the SIE algorithm, STE4+CCSD(T) does not need to do such things and directly employs the 4-Layer
model of MgO(001) for calculations.

During the calculation, CO adsorbed on the substrate is treated as a complete fragment, with the
BNO threshold set to 10~7-%. The remaining fragments in the substrate MgO are obtained by treating
each Mg and O atom as a fragment, and using the BNO threshold of 10789, The BNO thresholds used
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1d

CH,@PAH
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0.05 a. u.

Figure S11: The IGMH weak interaction analysis for 2-leg, 0-leg, 8 = 60° configuration of
Hy;OQPAH(6) (first three lines) and 1d/4d configuration of CH,QPAH(6) (last two lines). The iso-
surcfaces cutoff value for H,OQPAH(6) and CH,@QPAH(6) configurations is set as 1 x 107* a. u. to
get a appropriate demonstration for isosurfaces. The color bar here represents the range of interaction
strengths projected onto the isosurface, where the same settings are used for all configurations. The
structures are rendered by VMD software [24].

in the calculations have essentially reached the upper limit we can afford due to the OOM issue. The
basis set employed is the recommended aug-cc-pVnZ basis set [27] as the original cluster CCSD(T)
used [26]. In this case, we employed a full electron basis set without using any pseudopotentials or
frozen core approximations.
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2-Layer model 4-Layer model
Figure S12: 2-Layer model and 4-Layer model for CO@MgO(001).

Hartree-Fock energy at CBS is obtained through aug-cc-pV(T,Q)Z two-point extrapolation, and
correlation energy at CBS is calculated using SIE+CCSD(T) with aug-cc-pV(D,T)Z two-point ex-
trapolation. Finally, the interacting energy and the corresponding adsorption energy are estimated as
—213 meV and —205 meV (—4.7 kcal per mol), respectively. Note that the reference adsorption energy
calculated by p-CCSD(T) and the experimental data are —193 meV (—4.5 kcal per mol), —198+19 meV
(—4.6+0.4 kecal per mol), respectively. In this sense, our method agrees well with these methods within
0.2 kcal per mol.

S4.2 Organic Molecules@Coronene

Since the optimized structures for the Organic Small Molecules@Coronene composite were not provided
in the original article [28], we follow the recent paper [15] and use the double hybrid meta-GGA
functional wB9TM-V [29] for the geometry optimization. We first constructed an initial structure
roughly based on the structural diagrams presented in the original article’s supporting information.
Then DFT geometry optimization is conducted using the cc-pV'TZ basis set. Initially, optimization
was performed using PBE until convergence, and then it was followed by further optimization with
wBI97M-V. Note here, we used a model of coronene (PAH(2)) under OBC to represent the substrate
graphene as was done in the original paper. SIE4+CCSD(T) calculates the interacting energy on the
optimized geometries.

However, the experimental data provided is adsorption enthalpy, which cannot directly compare
to our adsorption energy. To derive the experimental adsorption energy, the difference offered in
the original paper [28] between the optB88-vdW calculated adsorption enthalpy and the interacting
energy is used. This difference is subtracted from the experimental adsorption enthalpy to obtain the
experimental interacting energy, which then serves as the experimental reference.

In this STE4+CCSD(T) calculation, the cc-pV(D,T)Z basis sets are utilized for basis set extrapolation
to CBS. Note that in this case, we treat each atom as an individual fragment for calculations, with a
BNO threshold of 10780, All data have been listed in Table S16, and the energy has been taken as
the root-mean-square value and represented in the main text Fig. 4.

In this study, we also investigate whether SIE4+CCSD(T) preserves the size consistency. It is well
known that MP2 suffers from lacking size consistency due to its omission of higher-order excitations,
manifesting that its accuracy cannot be consistently preserved in the systems with different sizes. On
the other hand, CCSD and CCSD(T), which employ exponential excitation operators that naturally
consider higher-order excitations, are recognized for preserving size consistency. This attribute is a key
reason why CCSD and CCSD(T) are regarded as effective for handling large systems. However, since
SIE+CCSD(T) is a kind of embedding method, it is worth investigating whether its size consistency
can still be maintained.

The group of organic small molecules adsorbed on graphene has gradually increased size, making
those adsorption systems suitable for size consistency tests. Specifically, the size of all organic small
molecule adsorption systems is labeled by the sum of the atomic numbers of all atoms within the organic
small molecules. The interacting energies difference between MP2/SIE+CCSD(T) and experiments
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Table S16: Interacting energy (in kcal per mol) comes from SIE4+CCSD(T) calculation and experiment.

Adsorbate AESIFFHCOSDT) - A pexp
Acetone -8.7 -8.8
Acetonitrile -7.0 -7.4
Dichloromethane -8.3 -6.9
Ethanol -6.5 -8.7
Ethyl Acetate -10.7 -10.8
Toluene -14.4 -12.9
RMS -9.6 -9.5
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Figure S13: The interacting energies difference between SIE4+CCSD(T) or MP2 and experiment for
Organic molecules@Coronene. The inset figure shows the interacting energies difference between MP2
and SIE+CCSD(T).

are plotted in Figure S13 related to the size of the system. The relationship between the difference and
system size is fitted linearly. Notably, the results for Ethanol are considered as outliers because the
SIE+CCSD(T) result deviates further from the experimental value compared to MP2, indicating that
there are additional significant errors not considered in the Ethanol@coronene SIE+CCSD(T)/MP2
calculation compared to the real Ethanol@graphene system, such as finite size error. Therefore, the
results for Ethanol are not included in the fitting analysis in both MP2 and SIE+CCSD(T).

It can be observed that the slope of the fitting line for SIE4+CCSD(T) is significantly lower than
that of MP2, suggesting that SIE4+CCSD(T) is more size consistent compared to MP2. The same
conclusion can be drawn from the difference in interacting energies between MP2 and SIE+CCSD(T),
as shown in the inset picture in Figure S13, where the correction by SIE+CCSD(T) to MP2 increases
with the system size, indicating that SIE4+CCSD(T) strives to maintain size consistency. However,
it is worth mentioning that since SIE+CCSD(T) employs MP2 to correct bath truncation errors, the
potential for size inconsistency errors may still exist. Considering alternative methods to correct bath
truncation errors might avoid this issue, which will be further explored in the future.
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S4.3 CO/C0O,@CPO-27-Mg Metal-Organic Framework

The structures are chosen following Ref. [30]. Specifically, CO is adsorbed within a CPO-27-Mg PBC
structure that features two large pores, for which the PBE+D2 method is applied for calculation.
Then the area close to CO is directly cut out, referred to as the 6B cluster, and calculated by MP2
under OBC. Further, a smaller structure, named the 2B cluster, is extracted from the 6B cluster
and subjected to CCSD(T) calculations. The difference between the results from CCSD(T) and MP2
on the 2B cluster is employed as a correction, contributing to the total adsorption energy. In our
benchmarking case, we choose the most stable adsorption configuration that is the configuration, with
the C atom in CO pointing towards the Mg atom in CPO-27-Mg.
Finally, the adsorption energy AFE,4s can be expressed as

AEBqs = AEMP?(Cp) + ALr(S, CoB) + Accsp(r)(CoB) + Epair, (S91)

where the term AEMP2(Cgp) represents the part of adsorption energy calculated using canonical MP2
for the 6B cluster under OBC, Eip,i; is the pair correction caused by monomer interaction in different
adsorption site in PBC structure. Apgr(S, Cgg) symbolizes the difference between the PBC structure
and the OBC 6B cluster, utilized to correct a portion of the cluster approach in the 6B cluster.
Arr(S, Cen) is estimated by PBE+D2. Therefore, Apr(S, Ceg) can be expressed as

ALr(S, Cep) = AEPBETD2(PBC) — AEPBETP2(OBC). (S92)
Accsp(r)(Ca) is the CCSD(T) correction perform on 2B cluster which could be described as
Accsp(r)(CeB) = AECOSPM) (Cop) — AEMP2(Cyp). (593)

In the case of SIE+CCSD(T), we can handle AESTE+HCCSPT)(Cyp) component to replace the
AEMP2(Cgg) + Accsp(r) (CaB) part of AE,qs. However, Our calculated AEMP2(Cgg), —49.4 kJ /mol,
is 4.0 kJ/mol lower than the —45.4 kJ/mol value reported in Ref. [30]. Such small difference may be
attributed to only valence shell electrons (2p electrons of Mg have been treated as a valence shell)
have been used for MP2 and CCSD(T) calculation in original work [30], but full electrons are used
for MP2 and SIE+CCSD(T) calculation in this work. Actually, even for AESE+CCSD(T)(Cep), the
gap is really small compared to the value of AEMP2(Cgp) + Accsp(t)(Cap) in original paper. The
AESIE+CCSDT)(Cgp) is —46.2 kJ/mol, in comparison the AEMFP2(Cgp) + Accsp(r)(Cap) is —43.1
kJ/mol, where the absolute difference is 3.1 kJ/mol which is already below than chemical accuracy. To
maintain consistency with reference data, we reuse the data provided in the original paper as much as
possible. Hence, we chose to calculate Agrp4ccsp(r)(Ces) on the 6B cluster to replace Accsp () (CeB)
where Agiptccsp(r)(CeB) is denoted as

Asteroosp(r)(Cop) = AESTETOOSPM) (Cp) — ABMP2(Cgp). (S94)

The Agig+ccsp(r)(Ce) has the value of 3.2 kJ/mol, combining it with the original AEMP?(Cgp)
(—45.4 kJ/mol), ALr(S,Ceg) (—0.1 kJ/mol) and Epa; (—0.3 kJ/mol) in the paper, the adsorption
energy with SIE+CCSD(T) correction on 6B cluster is —42.4 kJ/mol in agreement with both the
original paper, —43.3 kJ/mol and the experiment reference [31] value —43.8 £ 1.0 kJ/mol.

The adsorption energy of CO;@QCPO-27-Mg was estimated using the same process. The reference
calculated adsorption energy using the isolated model [32] is —50.4 kJ/mol; After a series of correc-
tions, the final adsorption enthalpy was determined to be —41.4 kJ/mol. The difference 9.0 kJ/mol
between the calculated adsorption energy and adsorption enthalpy is the zero-point energy and ther-
mal correction and —RT correction. The experimentally measured adsorption enthalpy is —43 £ 4
kJ/mol [33-37]. Thus, the estimated experimental reference adsorption energy is —52+4 kJ/mol after
subtracting the zero-point energy, thermal correction and —RT correction.

The Agig+ccsp(r)(Ce) correction obtained using SIE+CCSD(T) on the 6B cluster is —1.3
kJ/mol, which is —3.5 kJ/mol less than the previous corrected CCSD(T) value used in [32], Therefore,
when using Agrptcosp(t)(CeB) correction, the adsorption energy value is estimated as —53.9 kJ/mol.
In SIE+CCSD(T) calculation, the recommended aug-cc-pV(D,T)Z basis sets are used for basis set
extrapolation to CBS. Here, we also treat each atom as an individual fragment for calculations, with
a BNO threshold of 10780,
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S5 Computational details for SIE calculations

Table S17: Hy0Q@Graphene.

System H>OQ@QGraphene
Boundary condition OBC and PBC
Basis ccECP-cc-pV(D,T)Z
BNO threshold 10765 for HoO 10789 for graphene
Partition See section S3.3

Table S18: CO@MgO(001)

System COQ@MgO(001)
Boundary condition PBC
Basis aug-cc-pV(T,Q)Z for HF and aug-cc-pV(D,T)Z for SIE
BNO threshold 10~7 for CO 1080 for MgO
Partition Take CO as a fragment, take every single atom in MgO as a fragment.

Table S19: Organic molecule @graphene

System Organic molecule@graphene
Boundary condition OBC
Basis ce-pV(D,T)Z
BNO threshold 1080
Partition Take every single atom as a fragment.

Table $20: CO/CO,@CPO-27-Mg

System | CO/C0O,@CPO-27-Mg
Boundary condition OBC
Basis aug-cc-pV(D,T)Z
BNO threshold 10-80
Partition Take every single atom as a fragment.
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