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Theory and implementation of the gauge-including atomic orb{falAO) ansatz for the
gauge-invariant calculation of nuclear magnetic resonance chemical shifts are described for the
coupled-cluster singles and doublgCSD approach. Results for the shielding constants of the
hydrides HF, HO, NH;, and CH, as well as for a few multiply bonded systems such as CQaNd

HCN demonstrate the importance of higher-order correlation corrections, as good agreement with
experiment is only obtained at the CCSD level and to some extent at partial fourth-order many-body
perturbation theorySDQ-MBPT4)] with the latter slightly overestimating correlation effects due to
single and double excitations. For relative chemical shifts, GIAO-CCSD calculations provide in
difficult casege.g., CO and Cjj more accurate results than previous GIAO-MBBTcalculations.

But, it seems that it is often more important to include rovibrational efféasswell as possible
molecule—solvent interactionthan higher-order correlation corrections. Despite that, GIAO-CCSD
proves to be a powerful tool for the accurate calculation of NMR chemical shifts. Its capabilities as
well as its limitations are demonstrated in shielding calculations for formaldehyde, diazomethane,
and ozone. At least for the latter, the description provided by the CCSD ansatz is not sufficient and
even higher excitations need to be considered19®5 American Institute of Physics.

I. INTRODUCTION that this method tends to overestimate correlation corrections
to absolute shieldingjé.ln addition, there are casés.g., N,

In the past several years, significant advances have be@nO, O;) that involve unusually large correlation effects; for
made in the theoretical prediction of NMR chemical shifts. these MBPT2) is no longer adequate. Inclusion of higher
Elegant solutions to the gauge origin problem that hampersrders in the perturbation expansidie., via GIAO-
conventional finite basis set calculations of magneticMBPT(3) and GIAO-SDQ-MBPT4) (Ref. 15] often im-
propertie$ have been propos&d and are now well estab- proves the agreement between calculated and experimental
lished. Furthermore, methods to include electron correlatioghielding constants. However, the slow convergence of the
in the calculation of NMR chemical shifts have beenperturbation series—as evidenced by oscillations observed
developed*° For the treatment of dynamical correlation, between consecutive orders—casts some doubt on the reli-
many-body perturbation theoryMBPT, also known as ability of finite-order MBPT methods for these difficult ex-
Mdller—Plesset perturbation thegrhas been use?™®  amples.
while static correlation effects have been described using Similar considerations also apply to the MCSCF ap-
multiconfigurational self-consistent-fieldMCSCH wave  proaches for calculating chemical shifts. Despite successful
functions?14 application to some challenging casésg., Q,% BH,%®

In spite of the progress summarized above, a demand fa€H,NN,?” etc) these methods are not intended for highly
further methodological developments remains. Among otheaccurate calculations. The GIAO-MCSCF results of Ruud
things, it would be desirable if the currently available meth-et al!* convincingly demonstrate that rather large active
ods were extended to treat larger molecules. This has respaces are needed to get satisfactorily converged results.
cently been done for uncorrelated approaches by means &uch large-scale MCSCF calculations can now be performed
so-called direct algorithm¥:'8 Several applications to mol- for simple hydrides. For larger molecules, the computational
ecules with 50—-100 atoms involving more than 1000 basiscaling properties of these methods necessarily places severe
functions (e.g., fullereneg®-2° testify to the usefulness of limits on the accuracy of the resultor a discussion, see
these developments. Similar extensions can be expected soBef. 15.
for low level correlated approaches, as direct en@rgyd One of the most successful approaches for the treatment
gradient calculatiorfé are already routine. On the other of electron correlation is provided by coupled-clusteC)
hand, there is a demand for more accurate treatment of cotheory?® While ultimately based on a single determinant ref-
relation in the calculations of magnetic properi2d3hough  erence function, the exponential parametrization of the wave
second-order MBPT in its gauge-including atomic orbitalfunction ensures an efficient treatment of electron correla-
(GIAO)-MBPT(2) implementatiot’!! has been successfully tion. In particular, dynamical correlation effects are ac-
used in a number of applicatiof$there is some evidence counted for with nearly quantitative accuracy at a fraction of
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the cost needed to obtain similar precision with MCSCF apdratic configuration interactioQCISD) (Ref. 39 are avail-
proaches. In addition, the “black box” nature of CC methodsable via FTRRef. 35 or from the authors upon request. The
makes them a very attractive tool for routine applications andnolecular and atomic orbital representations of the effective
is one reason for their popularity. Among the variousdensity are related by
schemes suggested in the literature, the coupled-cluster
singles and double&CCSD) approximatioR® has proven es- D,,=> c* D.C (4)

. 0 ! : . mv up~ pa-rg
pecially usefuf® Experience with calculations of other mo- P.q
lecular Pfope”ie? suggests that CC theory should be able toysh, c,p as the molecular orbitfMO) coefficients and in-
predict magnetic properties very accurately. Indeed, fogjicesp g, r,... labeling molecular spin orbitals. Standard CC

many cases it can be expected that CC calculations will PrOgradient theorP~38 provides expressions for thB.,. In
vide more reliable results than any other currently availablegenerm D, consists of two parts pd
= pq

approach. In a recent communicatithnye have reported a X
first implementation of the GIAO method for the calculation Dpg= D%mp'”r Dgg ! &)

of nuclear magnetic shielding constants at the CCSD and the. Lo
with the former taking into account the response of the clus-
closely related QCISD levels and presented results for th?

N . er amplitudes and the latter involving orbital relaxation ef-
15N and!’0 shieldings of NO. In this paper, a full account P 9

of the GIAO-CCSD method will be given. Detailed expres- fects. The second contribution B, vanishes for exact CC

) . R ave functions, but not for truncated schemes, although it is
slons for the chemlgal sh|eld|ng. tensor at the CCSD Ieve]Lljvsually small for those approximations that include single
will be derived, the implementation in theces 11 program

systeri? described, and the accuracy and reliability of theex0|tat|ons. Labeling occupied spin orbitals in the following

: . . byi, j, k,... and virtual spin orbitals bg, b, c,..., the various
method discussed on the basis of representative test calcul ocks of the CC response contributionlg, are given b

tions.
1 : .
(amp)_ _ efyjm_ ey ]
Il. THEORY D =-3 %‘4 ; timNef Ee: tike, (6)
The nuclear magnetic shielding tenseof a nucleusN 1
is defined by the second-order response of the electronic en- Dg%mmzz PR UL S L 7)
ergy, mn e m
N__ dZE D(amp):ta+2 E (tae_teta))\m
%=\ dB dme. ; (1) ia T2 2 (i~ titm)he
MNI B=0
thus necessitating the evaluation of the second derivative of 1 S Amngela 4 gegal g
the energyE with respect to the external magnetic fietd 2 &4 & Tefllintm Uh mn)» ®)
and the nuclear magnetic momeny;. A general formula for .
o™ can be obtained by first differentiating the eneEgyvith DlamP = )\! . 9)

respect tomy and then with respect tB. The first step of

this procedure yields the particularly simple expression Thet amplitudes in Eqsi6)—(9) are those which parametrize

the CC wave function via the usual exponential ansatz, and
dE 2 oh,, ) are obtained by solving the CC equations. Explicit spin or-
dmy; T Duv amy;’ 2 pital equations for thg CCsD approximation are given in
) ) . ) Table [; the intermediates,, and 74,5 Used there are
since the atomic orbitaleabove and hereafter designated by gefined in Table 1II. To form the CC response part of the
Greek indicepdo not depend omy . In Eq.(2), theD,, are  gensity, an additional set of parameter—the so-called
elements of an effective one-particle density matrix Bnd  )\_amplitudes—is needed. The importance of this quantity in
the one-electron part of the Hamiltonian in the atomic orbitalcc gradient theory was first recognized in Ref. 40. It is
re’\Presentation._A compu_tationa_lly_convenier_lt expression fo&onceptually useful to view the-amplitudes as components
o is then obtained by differentiating E(®) with respect to  of an operator that plays a role in parametrizing the bra state
the magnetic field components (left-hand wave function in a biorthogonal representation of

| h,, D, dh,, CC theory*! In this framework, the CC response part of the

oN=2 D, Bom > B am (3)  density is given by the “CC expectation valuof the sec-
mr NG ey ! NJ ond quantized operatdp™ g} and is thus a simple generali-
Thus, in order to evaluate the shielding tensor, one requirezation of the usual one-particle reduced density matrix.
knowledge of both the unperturbed and perturbed oneEquations for thesa-amplitudes within the CCSD approxi-
particle density matrice€D ,, anddD ,,/9B;, respectively. ~ mation are given in Table Il. Expressions for the one- and
It is important to note that the perturbed densify,,,/dmy;  two-particle matrix elements ,, and 77,4, of the effective
with the nuclear magnetic moment as perturbation is noCC Hamiltonia®® are given in Table III.
needed. For SCF reference functions, orbital relaxation only af-
In the following, expressions for the density matricesfects the occupied-virtual and virtual-occupied blockXgf; .

D,,anddD,,/dB; are given for the CCSD approximation; The corresponding contributions are obtained by solving the
those for finite-order MBPT, CC doubl¢€CD),*® and qua-  Z-vector equation&!
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TABLE I. Unperturbed and perturbed CCSD equations. The Einstein summation convention is followed, definitions for the intermediates
Toqs 7 parss L pqr 7 parss “pq @nd of their derivatives with respect By are given in Table Il f, represents the matrix elements of the Fock operator,
(pcﬂ\rs> denotes the antisymmetrized two-electron integrals in the MO representation, Parghg) the antisymmetrization operator

[P_(pa)Z(---pq---)=2Z(---pqg---)—Z(---qp---)] defined by its action on the two indicgsandq of an arbitrary quantityZ(---pq---).

Unperturbedzeroth order Perturbedfirst ordep
(&) T, equations
- - - af 4 aam||ie
O=fy+ T aelf— 127 mit F md S 0= — =+ 7oie—ta 72+ 70 aey e Hamlie)

oB; 7 aci me'im B;

. 1 . 1 &(mn|||e) 1 &(am||ef} ot ot
+tS(aml|ie) — 5t2(mnlie)+ 5(am|ef)te! _ e
m< H|e> 2 rnn< HI > 2< He > im 2t ﬂBi 2 ﬁBi " ae (?B r?B /
o aty aty 1 ot3s 1 atef

+.7 Vet = V.

me&_BiJ" 9B, Y amie™ 2 9B, 2 amef 5~ B,

(b) T, equations

.. 1.p ~ abl|i 1 ~5
0=(abl[ij)+P_(ab)ti%Fpe= 3th 7 met o A2l b|i“> (@b 7y, Etgﬁle}—m(i])tab{, i
—P_(ij)t5 + 3T+ v, Leze 1 3P ef
(1) T i+ 257 met + 277 i + 557 7/mn”+ 73t +P_(i))P_(ab)
1z . ambl|ej d(abl|ej
57 befT|J+P ('J)P (ab){tlan?7/mbej Ft%(mb”e»} tae7/ mbej_tiet;<T|_|>J +P_ ( ) < || >
I
. . . mbl|i a3e (?tab
+P_(ij)(abllej)tf~ P_(ab)ti(mbllij) —p_(ane, 2 &g‘” ab) = ” - Toe P (i) 557 mi
1
1 430 1 of atae
+§&_Bi7/mnij+§%abef &B +P_ ('J P (ab) 7/mbe1
byise 1 otdf, of
(@bt 5 5. (mnlled
1dt5, e
. I
_P—(”)tab{ 2 9B, <mn||8f> +P_ |J)7/abe1 B,

a e

a3, S
ab) 7/mb|J+P (ab) _ 7//mae1tij

e

o at
—P_(ij) —= 7/mne|t§::|

B,
2 2 {Del(eillma) + el fea— fim)] Xai=22 {T(paiir)(pallar) T (ar,pa)(irllpe)}
+Dise(millea) } =~ Xy, (10 +% e (iplla 2
2 {De’[(mallei) + Sim el fae= )] Xia=22, {T(ir,pa)(arl[pa)~T(pa.an(pdllir)}
+Di(edmi)} =~ Xi,, (1D +§ Prapllia)- 9
where f, are matrix elements of the Fock operator andNote that both the one- and two-particle densities are re-

(pg||rs) are antisymmetrized two-electron integrals. Thequired. Spin orbital expressions fdf(pq,rs) are docu-
guantitiesX,; andX;, can be interpreted as the gradients ofmented in Table IV within the CCSD approximation.

the energy with respect to rotations amongst the molecular To obtain expressions for the perturbed AO density
orbitals, and are defined by contractions between the HamibD ,,/9B; , it is most convenient to differentiate E@) with
tonian and then-particle reduced density matrices respect to the external magnetic field. This yields
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TABLE II. Unperturbed and perturbedl equations. The Einstein summation convention is followed, definitions for the intermedigies” jqrs, < pq and
of their derivatives with respect B, are given in Table lIlf,, represents the matrix elements of the Fock operéfog}|rs) denotes the antisymmetrized
two-electron integrals in the MO representation, 8ndpq) the antisymmetrization operatdP[ (pg)Z(---pq--+)=Z(---pqg---)—Z(---pg---)] defined by
its action on the two indicep andq of an arbitrary quantity(---pq---).

Unperturbedzeroth order Perturbed(irst ordep
(@ A, equations
_ i~ — o 1 imoy &7ia i d7ea ‘9-7im 57/}eam 1. ‘97//.efam
0*'/ia+)‘le/ea_}\gl'/im+)‘em7/ ieam™ 2)\Iemf7/efam 0= 9B, Ie 9B, )\2: 9B, +)\? 9B, +E Ier?(;—Bl
R L 1, o7 IV it : O
75)\2;7/ iemnf'\;ef%eifafjmn?/mina _E)\zTen &éeimn '(;ef &él 2 "erJZ//eifa_ f;'mn%ima
ap L axm INg
- ‘5'mln7//mina+ (9B ea BB mt 19_B| ' ieam

1ang 1 \TY

. B )
Y iemn— & '7/e.fa G o wmina

2 B, 7 etan™ 3 9B,
(b) A, equations

ij||lab AT op 0T
0={ij||lab)+P_(ab)\l.7,— P_ (|J))\ab/1m 0:3<ﬁll|3i ) e 7B, ap aBJm
i L 1o 1%, IV
AR it 37 etabhrt PN s FENE g e Mt PG o7 ik
I
~P_(@b)AT 7 jjmp+ P (i) P_ (DN e —P_(abry ,7.'3‘"”’+P (i) P (@b gy —g=
i
7 &ij||lae
+P_(ij)P_(ab)\; 7+ P_(ab)(ij |[ag) Fpe +P_(ij )P_(ab)\, —+P (a b)%fﬁ’be
I
im||ab
—P_(ij){im[lab) Zy, —P_(ij (X&‘!_ >f¢,,,,-+P,(ab)<ij||ae><;§'e—P,(ij)
ij (?)\lm
X (im||ab): /B'+P (ab) a_e Zeo=P-(i]) —5=-7im
1Ny Ny,
+E&_Bi7/|jmn+2 7/efab &B

|m i

Ny Ny
-(ij)P-(ab) —== 7/Jebm+P (i))P-(ab) === 7
i m

I\ 2%
+P_(ij) 7/ejab P_ (ab) 7/,me+P (ab)

X (i ||ae) /be P_(ij) (lmHab)f?i‘i

oD oD response and the orbital relaxation part will be discussed
=3l Gt S, Do S U e frerent |
B, 5% Cup 7B &B Cug pq separately. For the former, differentiated matrix elements are
given by
Bj
+chUrqcyr] (14
oDE™) g A NI
and allows contributions due to the perturbed MO density to ?= -5 > > (5 MM gef = )
be separated from those that involve derivatives of the MO ' mef ' '
coefficients. As usual, the latter are expanded in terms of the e IN
unperturbed MOs, > = Nt =2, (16)
e 1
5 | 0B, JB;
Jc
Mmp B;
7B —g CuqUqh (15)
b
&D(a%mp =E E ( I’aneﬂ tbe Ly mn men)

and the coefficientsU® are determined by solving the dB; 2w S\ aB; ™M Tae gB;
coupled-perturbed HFCPHP equationg® o b

Expressions for the perturbed MO density are obtained +2 INq o m %) (17)
by differentiation of Eqs(6)—(11). In the following, the CC m \ 0B ™ T8 9B; )’

J. Chem. Phys., Vol. 103, No. 9, 1 September 1995



J. Gauss and J. F. Stanton: Nuclear magnetic resonance chemical shifts 3565

TABLE llI. Definitions of the intermediates used in the unperturbed and perturbed CCSR agdations. The Einstein summation convention is followed,
foq represents the matrix elements of the Fock operépagl|rs) denotes the antisymmetric two-electron integrals in the MO representatioi®, gimd) the
antisymmetrization operatorPL(pq)Z(---pqg---)=Z(---pg---)—2Z(---pq---)] defined by action on the indicep and q of an arbitrary quantity
Z(---pg---).

Unperturbedzeroth order Perturbedfirst orde)

@ .7 7 and % intermediates used in CCSD equations

= . 1 ;  Leas ~p  fae 1 dfme . am|lefy 1 _ . a(mnl[ef)
'/ae_fae 2fmetﬁ1+tm<am||ef> ZTrann<mn||8f> '/aE: 5_B|7§ 9B, tﬁﬂLtm 9B, ET;n 9B,
— 1 i 1~ef =B ‘9fmi 1 afme ‘9<mnH|e> ~ fa<mn||Ef>
/mlffmiJr meetF+tﬁ<mn|||e>+2ﬁn<mn||ef> »/ml,_ 9B, +§ 9B, te (9—B, E 7'ien &—BI
~ ~ of {mn||ef)
Fme=Fmetth{mn||ef 58 _ O me ¢ ATTNIEL
me™ 'me n< || > me— 9B, +1, 9B,
a(mnl|ij) mnlliey 1 __ a(mn||ef)
ef f
7/mn|1 <mn||”>+P (Ij)te<mn|||e>+4le<mn||ef> 7/mn|1 T +P_ ( )te ‘9Bi +4_7'ﬁ ﬁBi
. ~ 5  dabllef) , Hamllefy 1 o(mnllef)
7 aper={abl|ef)y— P_(ab)t2(am||ef)+ 3722 (mn||ef) 7/abef a—Bi_P’(ab)t"‘ 7B, +Zr;n 7B,
= . L1 a{mbl|ej) a{mbj|ef) a(mn||ef)
7 maei=(mblle ) + ti(mbllef) ~th(mnlle]) — 3{t}s+ 2t/t2)(mnef) % +tl -
mbej” B, 9B, 9B,
1 &(mn||ef)
- 3 ezt 2D
(b) One- and two-particle matrix elements of the effective Hamiltortan
7 _Las ae_ -5 Liaze . Oh O
T ae=T ae™ 27 me (,}—Ba:e:./aé > ta 7 me— fme 7~ (9B (am||ef)
1 &Taf
~3 g, (mnileh
—~ e le> Y 1 9 e e
T wi=T mit 2  me ﬁBTI 78 3 te '+fme (?B {mn|||e>
ef
t3 ﬂB L (mn||ef)
P T me_ =5, ot
7 i — =
7B, F et 7B, (mn||ef)
v mnij— 7~ mnij 4T,J(mnHef> &%/ﬁnlj ﬁte (7<mn||ef>
B, _7/mn|]+P (ij) —(mnHle)-!— —ﬁBi
1 ef
t3 &B L (mn)|ef)
i/ abef ~ at,l?n 1 b ﬁ(mn‘lef)
7/abef_7/abef+ 4Tmn<mn||9f> 9B, _7/abef P_(ab) 19_B|<am||ef>+ Z Tamna—Bi
1 ab
+t3 (m n|ef)
W = t”’(mn||ef) (97/mlbej =% tJT bl|ef 7 j
mbej mbej (9—B /mbe1 B, <m ||e >_(7_Bi<mn||ej>
1 . a(mn|ef) at“’ atf P
_ = ATTTNIEL by of
2 in T B, 78, T 78, Wt gg, | (mnllef)
. . O e (mn|ie) &(mn||fe) 0tf
W ranie={(mn||ie) +tf(mn||fe mnie _ f
e (mnie) +ti(mn] fe) e = gt S 2 ()
’ O amef _ d(am||ef) " a(nm||ef) (?ta( milen
7 ame={aml|ef)—ti(nml|ef) dB; dB; n JB;
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TABLE Ill. (Continued)

2//.mbij=<mbHij>_'7m be —tp 7/mn|1
+3(mbllef) 8"+ P_(ij )(mnl|ie)the

+P_(ij)tF{(mbllej) —ta(mnl[ef)}

7//.abei= <ab| | ei) _'?ymet%ti)+ tif7//.abef

+ 3(mn|ei) 735~ P_(ab)(mbl e f)ta

—P_(ab)ti{(mbllei)—thi(mnllef)}

I mbij _ Hmblij) 9T me be_ ﬁ_iﬁ o

9B, 9B, B, M T MesB; 9B T MM
'y 1 Hmblef aref

LA LI L i

9B, 2 0B
be

+P_(ij) a( rﬂ >be+P (|J)<mr1||e)(9t

+P_ (IJ) {<mHIEJ> thmrijef)}

r7<mt1|el> o]
e i T 2 ey
i
o Amrle
O e Habllei) a7, a3 gtf
elbel= < || > me ;l? '7me +— 7/’/.abef
9B, 9B, 9B, 9B, ' B,

ab

_ff77/"abefJr 1 Hmn|ei)

af
5( H' f>taf_|:> ab)<md|ef>

ab
= 5 (mn||e) &B

—P_(ab)

Mﬁn .
~P_(ab) —_{<mdlen>ft*n’f<mdlef>}

(c) ¢ intermediates to account for three-body terms in the effective Hamiltddian

@ — _ tiefymn
Fae= ~ 2tmnhar

w — Lefyin
'ﬁmi_ tmn)\ef

(d) Effective double excitation amplitudes

#P=t20+ 3P_(ij)P_(ab)tft]

=120+ P _(ij)P_(ab)t?t}

Am d\e> ﬂtbf
P iy T ey
_tb_f (de'ef)
ni B
f
'“B,__l(?tﬁ"n mn
ae 2 gB; af
ZB'ffltef J amfn
ae” 2 'mnT;B
ef
ZBi 1 9tmn in
mi— 2 5B; e
Bi _ ef a)\g‘f
LR LT
—”bfat—ﬁbw (ij)P (ab)iiatb
B, o W@l

aD§§mp> at?
9B, B,

gl 1 INgY
+(tBe— 82 e}— - { o (e
( m | 2 Z 2 &BI ( mn*m

e ata
= v ta )\m
B; oB; M t JB;

5'Bi mn ef
f
e.af at'e“ ef ata ate af
+tit n)+)\ 078 t + Iné?_B+_Btmn
&taf
Lte mn
t; aBi”' (18)

gD amP) ~ N,

5@ (19

Note that Eqs(16)—(19) involve the perturbed andA am-
plitudes dt/9B; and dN/dB;. The first are solutions to the
linear equations that describe the first-order change of the
cluster amplitudes to a given external perturbation. For the
CCSD model, these equations are obtained by differentiating
the unperturbed equations for themplitudes and are sum-
marized in Table I. The various terms which appear there fall
into two classes. The first consists of those that involve de-
rivatives of the two-electron integrals and Fock matrix ele-
ments. They need to be calculated only once and do not
change during the iterative solution of the perturbed CCSD
equations. The second class includes the remaining terms
which depend on the derivative amplitudes and, therefore,
have to be recomputed in each iteration. The close relation-
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TABLE V. Explicit expressions for the unperturbed and perturbed CCSD two-particle density matrix eldnipatss) anddl'(pq,rs)/dB; . The Einstein
summation convention is followed?_(pqg) denotes the antisymmetrization operat®_[pg)Z(---pqg---)=Z(---pq---)—Z(---qp---)] defined by its
action on the two indicep andq of an arbitrary quantityZ(---pq---).

p.q.r,s I'(pq,rs) dl'(pa,rs)/dB;
ikl ST 0TS aB K+ g8k B,

. 1 1 1 L. 1 L. 1 1 . 1.

ij.k.a — Z7ENEH FTEINETEA+ ZP (1)) BN DR — 5P _ (i )tEn KR — 70153 9B NE— 37529NN 9B, + 5oTE OBNKTHE,

+ 575 ONKTY OBt + g NPt/ 9B,
1 .. 1 ..
+7P_(ij) atE aB NI+ 2P _ (i) )t3eoN DY 9Byt
+ 7P (i} ESADKa ] 9B, — 5P _(i] ) AtsH/ dB N
1 .. 1 ..
— 5P (i) tRoNETY 9B t? — P _(i] )tiNeT ]/ 9B,

ak,ij — el — 2otel B\~ HteanllaB,
ij,a,b 1730+ TerS NI, 20701 9B, + 16078 I OB NI 7D+ T8 INIYY 9B, 730,
— &P (DN TR — 3P ()73} + 167 NETITE 9By — 5P (1)t IBE AR
— §P_(ab)taIA T 7P 2P _(ab) 3D 7EP — §P_ (i} )tSaNTI 9B, 73— §P_ (i) )teN D 70 9B,
— §P_(i])P_(ab) (t3s+ 2Lt N ItE! — ZP_(i]) e BN TR ZP (i} )teaND/ 9By 73
— P_(ij)P_(ab)(tas+ 2teta)\It? — 2P (i} tEND9730/ 9B, — GP_(ab) Jtal/ B\ I e
+3P_(ij)P_(ab)tateAth, — $P_(ab)tat NIV 9B, 70— 3P _(ab)tA A IV975 0B,

— 3P _(ab)ata/aB\ISP— 3P _(ab)tdINIYoB 5P
— 3P _(ab)ta\TarSaB,— §P_(i])P_(ab)(atas/ B,
+20t% 9B;t3 + 2tPIta) 9B;) A ath

— §P_(i]) P_(ab) (t35+ 2t7t%) AN DY 9B th]

— §P_(i])P_(ab)(tag+ 2Lt N IFatS!/ aB,

— 7P _(ij)P_(ab)(at3/ B,

+20t% 9B; 5+ 2tPta 9B AP

— 3P _(i)P_(ab)(t3+ 2t°t3) INI/ 9B P

— 3P _(i)P_(ab) (135 + 2tet3) \Iat?/ 9B,
+3P_(ij)P_(ab) ot dB tEA DY,
+3P_(ij)P_(ab)tfats aB D,
+3P_(i)P_(ab)tfteonT/ 9B tE,
+3P_(i])P_(ab)tATath/ aB;

a,j.ib ISR~ t8D) + FALtD FONIY 9B, (188 —1°th) + INLT( IR/ 3B, — el 9B th,— t2atD) 9B;)
+ ZONL/ OB+ GN5atP 9B,

a,b,i,j Iy 29N/ 9B;

a,b,c,i Imite, TONTY IB S+ ZNINtS 9B,

ciab AT~ BAR T 3P (@b MGG + 5P (ab) PHEEATY 40T IBND+ GTabNTI 9B, — GOt BN iy

— BLEONIIY OB, 730 — BENIVITED/ 9B,

— P _(ab)ata%Y 9B\ — 2P _(ab)t2eoN ™Y oB;itE,
— 3P _(ab)tB™gt2/ 9B, + P_(ab) "/ aB,taeA ™"
+ 3P _(ab)tPatas/gB AT+ 3P (ab)tPtaeanmY 9B;

1 1 1
ab,c.d L FONINY 9B To+ NI ITE 9B

ship between the unperturbed and perturbed CCSD equatiofisking a different viewpoint, they might be considered as the
is obvious for the terms of the first class, as they are obtainetesult of a(“right-hand side”) contraction of the effective

by simply replacing two-electron integrals and fock matrix CC HamiltonianH with the derivative amplitudest/JB; .
elements in the unperturbed equations by their derivativeypq and 7,5 denote here the one- and two-particle matrix
(compare the definitions of the intermediatei%';{q and  elements oH, while the three-body part dfl is not explic-
7}?'(“3 with those for.;77pq and 7}/'pq,s). Due to the nonlinear itly constructed and more conveniently handled using appro-
nature of the CC equations, such a close relationship is not ggiately defined intermediatdsf. Tables | and Il). This in-
obvious for the second group of terms which originate fromterpretation of the perturbed CC equations also emphasizes
differentiating thet-amplitudes in the unperturbed equations.the close relationship of CC derivative theory to the
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equation-of-motion coupled cluster appro&ckor equiva- Xia o a(ma||ei) 9 a0

lently CC linear response thedfy for the determination of ) —E E (D(n?é ')[ 7B + Oim B

excitation energies, as the latter approaches are based on emee ' '

diagonalization of the effective CC Hamiltonidfor a dis- Imil | (omy 9(ealmi)

cussion of this relationship, see Ref.)48 “%a g | tPem T g (21
Equations for the perturbed amplitudes are similarly

obtained by differentiating the unperturbadequations. For ~derivatives ofX,; andX;, are defined by

CCSD, the corresponding equations are given together Witpxai a(pqar) a(ir||pa)

the unperturbed equations in Table Il. There are again twegzzz I'(pq,ir) T—F(ar,pq) T}

types of contributions, namely those which have to be com-"—'  P9" ! !

puted only once and those which have to be recalculated in &ip||aq)

each iteration. The first group consists of all terms which +2 D(p%mp') ~ B

involve two-electron integral derivatives, derivatives of the pa !

fock matrix elements, an@inlike the perturbed CCSD equa-

tions!) the perturbed amplitudes; the second group includes +22

all terms which involve the perturbed amplitudes. The par

close relationship to the unperturbAdequations is obvious, Jl'(ar,pq)

as there are exactly two contributions in the perturbed equa- T (ir[[pa)

tions for each term in the unperturbed equations. One is ob-

tained by differentiating matrix elements of the effective (22

Hamiltonian(yielding a7 4/ dB; and 077 4,4/ B; which in- _ .

volve d{pq||rs)/ B, afp;)/ani , andat?/glgi , andﬂtf’}b/aBi , Xia =2, {F(ir pa) M—F(pq,ar) M

respectively while the other involves differentiatedampli- B par IBi IBi

al'(pq,ir)
(9—Bi<IOQ||af>

5
+ ———(ip||aq),
> g, (ipllag)

tudes. For the contributions involving the three-body terms aapl|iq)

of H, it is more convenient to introduce three terms in the +> Dg%mp') _—

perturbedA equations® The first involves the unperturbed Pa 9B;

¥ intermediategsee Table lll for a definitionand perturbed ar(ir,pq)

two-electron integrals, the second a perturb€dntermedi- +22 {T (ar||pq)

ate, <™ which is computed from perturbecamplitudes, and par '

the third another perturbed” intermediate, %, which is ol (pg,ar) _ aDg’g“p-) _
constructed from the perturbed amplitudes. Only the last T (pqlir) +% 3B, (aplliq).
has to be recalculated during the iterative solution of the

perturbedA equations. 23

(;I;p)e orbital response part of the perturbed densitynerefore, the orbital response part @b ,/9B; depends
dDpq /9B;, is the solution of the first-ordef-vector equa-  ypon the full perturbed two-particle density matrix
tions. For SCF reference functions, these equations are O@T(pq,rs)/ﬁBi . Expressions for the latter are given together

tained by differentiating the unperturb&dvector equations  yith the formulas for the unperturbed two-particle density in
[cf. Egs.(10—(13)] with the additional assumption that the Tgpje |V.

perturbed molecular orbitals are not canonical. The equations  This concludes our discussion of CCSD second deriva-

then take the form tive theory as it applies to the calculation of nuclear mag-
netic shieldings. In passing, it should be noted that other

DS J (e%b') [(ei]| M)+ 8 Bunl faa— Fir)] formulations of CCSD second derivatives have been pre-
e JB; im~ealtea “Im sented in the literatur®:>!In those, equations for the second
(orb) derivatives are cast in a form that requires solution of the
4 me <mi||ea>} per_turbed CCSD equations _fatl perturbatlons parameters,
JB; while our approach necessitates solutionboth perturbed

CCSD and perturbed equations, though only for one of the
a(eil|ma) f on two cla_sses_ of perturbations inv_olved. Hence, the formula-
IB. im g tions given in Refs. 50 and 51 might be preferred when both
' ! perturbations are of the same type, as for force constants,

- _ i (orb.)
233 o

afim (orb) a(mil|ea) polarizabilities, or indirect spin—spin coupling constatits.

~ bea 9B, +Dme ~ B | (200 However, the asymmetric approach advocated here might be
advantageous when two distinct classes of perturbations with

(orb) a significantly different number of components are consid-
me i _f ered. In such a case, derivative amplitudes need to be evalu-

% Ze [ IB; [(mal[ i) + Sindeal fae™ fmi)] ated only for the perturbation with r;ewer components, and
(orb) the number of linear equations to be solved is consequently

4 __em <eaj|mi>} less than that required by the conventional strategy. For the

B, chemical shielding tensor in a molecule with nuclei, we
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have to solve six additional sets of linear equatidtisee i

perturbed CCSD and three perturbadequations with the X#(B)IGXF{— 5c (BXRy)T
componentsB; of the external magnetic field as perturba-

tions), while implementations based on the formulationsWith x(0) as the usual field-independent basis function cen-
given in Refs. 50 or 51 require solution of a total oN33)  tered alR,, r as the electron coordinates, ands the speed
additional sets of linear equations with thdl Bwclear mag-  Of light. Though already suggested nearly 60 years ago by
netic moments and the three components of the magnetigondon in his study of molecular diamagnetiSrthe com-
field as perturbations. The important characteristic of our apPutational efficiency of the GIAO ansatz has been demon-
proach is that the computational cost does not show depesirated only recentl§!%1+141518.50teworthy are the con-

o —— 8 : 18
dence on the number of atoms besides that implicit in thdributions of Wolinskiet al” as well as Haeret al.™™ Both

number of basis functions. “Asymmetric” expressions for Were important in establishing the GIAO approach as a stan-
the evaluation of second derivativensistent with the in- dard tool for the calculation of chemical shifts at the SCF

terchange theorem of perturbation thédryhave already level. A_nother important advantage is that_ it_can easily be
been used advantageously in finite-order MBPT calculation§&neralized to correlated approaches. This is amply docu-
of NMR chemical shiftd0 1554 Kobayashiet alss recently mented by the implementation of the GIAO method within

discussed the potential benefits of such a formulation for thBPT/CC an4d6k!)\/ICSCF approaches as well as density func-
calculation of CCSD dipole derivatives, although the meritstiona theory™™

of an asymmetric strategy are debatable in this case since the

dipole derivatives are usually evaluated together with theg||. IMPLEMENTATION AND COMPUTATIONAL

force constants. However, the full power of the asymmetricCONSIDERATIONS

formulation is observed in applications to chemical shield-

ings and is here an important prerequisite for the capability d It can b(:'. ant|FI:||pt>)ated that CC calcullatltc;‘nsf c;f seconéjé
to perform large-scale calculations. order properties will become as common in the future as

Another aspect frequently discussed is the question 0c?:alculations for correlation energies and first-order properties
whether one should calculate “relaxed” or “unrelaxed” en- &€ For that reason, special emphasis has been placed on

ergy derivatives. Relaxed means that the molecular orbitalgor.npUt‘F’.‘tIonal efflc_lency n |mplement|ng the theory _de-
: ... scribed in the previous section. The required computational
are allowed to respond to the external perturbation, while in . : .
. : steps are essentially dictated by the underlying theory, and
unrelaxed calculations they are kept frozen and orbital relax:
o ) . o : are
ation is only treated via the single excitations in the cluster
operator. Though the results are typically not very(1l) Evaluation and storage of the one- and two-electron in-
different>®°’ there have been arguments in favor of both  tegrals in the AO representation.
approache3’~%° For energy derivatives with respect to (2) lterative solution of the SCF equations.
nuclear coordinates, it is mandatory to properly account fof3) Transformation of the integrals from the AO into the MO
orbital relaxation, while dynamic¥i®®®° and some spin representation.
propertie&® are best suited for the unrelaxed approach. Fof4) lterative solution of the unperturbed CCSD equations
the chemical shielding tensor, it is more natural to calculate  (see Table)l
the relaxed derivative, as has been assumed so far in o) Construction of the one- and two-particle matrix ele-
discussion. Since the atomic orbitals depend on the perturba- ments of the effective HamiltoniaH (see Table ).
tion [see Eq(24) and the discussion in the next paragrhph (6) lterative solution of the unperturbed equations(see
it is somewhat artificial to freeze the molecular orbitals. In ~ Table II).
any case, the perturbed orbitals have to be reorthogonalizéd) Construction of the effective CCSD one-particle density

and it is not clear which prescription should be used. While  [see Eqs(4)—(13)].

this does not cause any problems for relaxed derivative:;l,.he steps above are those already required in a CCSD gra-
dependence of the results upon the chosen orthogonalizatiQﬁent calculation(see, e.g., Ref. 38 while the following
procedure in unrelaxed calculations is undesirabl@ur steps are specific for CC second derivative calculations. Note

preference for the relaxed approach is further motivated b¥hat they have to be repeated for each perturbation, i.e., in
the minimal computational savings associated with neglec(t_)ur case for each component of the magnetic field
of relaxation effects and the fact that triplet instability

consideratiorf€ are irrelevant for the class of perturbations (1) ~ Evaluation of the GIAO one- and two-electron inte-

under consideration. grals and calculation of the so-called diamagnetic con-
Finally, we turn to the gauge-origin problem associated tribution to the shielding tensor.

with all finite-basis set calculations of magnetic properties. It(2)  Iterative solution of the CPHF equations and calcula-

is now generally accepted that magnetic properties should be  tion of the paramagnetic SCF contributiondo

calculated with(at least approximatelygauge-invariant pro- (3)  Transformation of the GIAO integrals from AO to MO

cedures and that common-gauge-origin methods are not ad- ~ representation.

equate. Recent developments suggest that the gaugel) Formation of the total integral derivatives with respect

xu(0), (24)

including atomic orbital (GIAO) method is the most to B;. . .
promising scheme. In this approach, the atomic orbitals det5)  Calculation of the intermediatesp;T| and %/'p'qrs (see
pend explicitly on the external magnetic field Table ).
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(6) Iterative solution of the perturbed CCSD equations 1 NI .

(see Table)l ”IZ_ZE > WZ Tmr(i€[|fg)
(7)  Construction of the one- and two-particle matrix ele- mnoe Pfo
fg

ments of the differentiated effective Hamiltonian 1 aTd

0T ool 9B; and 977, 7B; (see Table II). —72 2 Mg oo (iellfg). (30)
(8) Iterative solution of the perturbed equations(see mn-e g !

Table II). They are most efficiently calculated by first contracting the
(9) Evaluation of the CC response part of the perturbedderivative amplitudes with the two-electroferivative in-

one-particle densitysee Eqs(14)—(19)]. tegrals followed by a contraction of the product with the
(10 Construction ofgX,;/dB; anddX;,/9B; [see Eqs(20)  corresponding. (derivative amplitudes. In that way, explicit

and(2D)]. construction of the two-particle density matrix(ab,cd)
(11) Iterative solution of the first-orde£-vector equations [JI'(ab,cd)/dB;] is avoided.

[see Egs(22) and(23)] and calculation of the corre- In a similar way, all contributions due to the integrals

lated paramagnetic contribution to (abl|cd) and their derivativegi(ab||cd)/dB; can be calcu-

A serious computational bottleneck in such a straightfor—lated from the corresponding AQ integrals. Such algorithms

; Do - . ere first applied by Meyéf in pair correlation theories and
ward implementation is the storage of quantities with four ore. . - X
“virtual” orbital indices, the integralgabl|cd), the integral later |mpIemderk1)tedeyIAhlr|§hs and iglw.'ttﬁ.m ? (.jtlrectdCI
derivatives d(abl|cd)/9B; and the corresponding two- program and by Fopie and co-workeTsvithin Tinite-order

particle density matriceE (ab,cd) and aT'(ab,cd)/dB, . In perturbation theory as well as the CCD approximation. Simi-

the usual case where the number of unoccupied orbitals ilg r approaches have been advocated recently by Hampel

70 ;
much greater than the number of occupied orbitals, a calcufe-JIE . dirfec::rt ggigszgeé%sgalsggiggso?&%;real p7)1a t of the

lation of the chemical shieldings would require roughly four . S
. . The basic idea of these AO based strategies is that the
times the disk space needed to calculate the CCSD ener%ntributions due to théabl|cd) integrals

for the same molecule and basis set.

However, all of these “four virtual index” quantities are ab of
either unnecessary or do not need to be stored on disk. First, Zj :§ <ab||ef>tii (3D
one might exploit the fact thatI'(ab,cd) and
T (ab,cd)/dB; are only required for the construction of the can be calculated directly from the AO integrals,
orbital energy gradientX,; and9X,;/ B, , respectively. The

corresponding contributions are Zf}b=2 CoaCpbZi” (32
ap
with
I=—2> I'(aefg)(iel|fg), (25
f o v
e Zij”=2 (opl|ur)tl (33
mv
aie||f and
ll=—-22, T'(aefg) %, (26)
efg i
t{;'f:; CpueCurts. (34)
and Such a reformulation can be used not only in CCSD energy
calculations to avoid théab||cd) integrals, but can also be
applied in first and second derivative calculation as well as in
dl'(aefg) . ; L
m=-2> B (ie||fg). (277 EOM-CCSD computations of excitation energfésA few
efg i

modifications are necessary to account for¢ab||cd) con-
tribution to the intermediate® ", ,.; and 9% i IB; . Also,
Using the definitions ofl'(ab,cd) and aI'(ab,cd)/dB, the transformations in Eq$32) and(34) can be carried out

given in Table IV, these terms can be rewritten as using effective MO coefficientéin spirit of Ref. 71 to fur-
ther reduce the cpu and 1/O requirements. Full details of our

AO based algorithm of the GIAO-CCSD method will be
1 ) presented elsewhere.
=3 % z xgngg mniellfg). (28) A further comment regards efforts to verify that the
implementation of the GIAO-CCSD method is correct. With-
out a CCSD code for complex orbitals, no comparison can be
1 - e iel|fg) made of the analytical results for the shieldings with those
==z > > )\aefz Ton ~ B (29 obtained from numerical differentiation. Therefore, we used
’ ' the following procedure to verify that our GIAO-CCSD
implementation is correct. First, we calculated second de-
and rivatives with respect to a real perturbation, e.g., an electric
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field. In this case, the analytical result can be compared té. Nuclear magnetic shielding constants
values obtained by numerical differentiation of analytically
calculated first-order properties. One can ensure that the fOEonstants is based on measurement of the spin rotation

mulas are correct and that all terms have been properly Neonstantd? This yields the paramagnetic part of the shield-

cluded in the implemen'Fation. Second,_ chemical shielding,ng which can be combined with the corresponding diamag-
tensors are evaluated using the conventional common gau9fatic contribution, usually taken from calculations, to obtain

prigin approach. Since the cor_responding atomic orbitals ar§ so-called “experimental” value for the shielding constant,
Lndepend;ant"m; bothlpe:{turb?rflons, the;e g)rec_:autge ;f the usually denoted asy. Corrections for robvibrational effects
asymmetric formu'a for In€ second deriva e wo (e.g., estimated from the temperature dependence of the
ch0|ces _for the calculatlon' of thg shielding tensor. One m'g,hghieldings allow estimates fow,, the shielding constant at
differentiate the energy first with respect to the magnetic, equilibrium geometry. Although there has been great

field and then with respect to the nuclear magnetic mOme'.(grogress in the experimental measurement of spin rotation

grctshg other l:/vay trz]irounq[. It;] eéhe f'rf_t case, tthg per;[url(aje onstants, there is still some uncertainty in the experimental
as well as the perturbetequations must be solve values; a thorough comparison between experiment and

for the nuclear magnetic moments, while in the second CaSfl"leory is therefore warranted. However, it turns out that the

these etgu?nl?jnsAhave 0 tt>e fs?f:ved fo:tthfe cogp;gents of ﬂbeccurate calculation of nuclear magnetic shielding constants
magnetic field. Agreement of the results from béitidepen- is by far more challenging than the prediction of the relative

dend calculations gives further evidence for the correctnes%hemical shifts which are of main interest to the chemist
.Of the |mpler'nentat|on.. As a fmgllcheck of the GIAO_CC.SP Values for the shieldings appear to be more sensitive to cor-
implementation, and |n' our opinion alsp .‘h‘? most sensmver lation and basis set effects and do not benefit from fortu-
tmheaétlorg grgasgan verlfyhth_le_zhgauge-grlgm _'lndEPE_n?jeanb%‘f:)us error cancellation as do the relative shifts which are
N j approach. 1his can be easlly carried ou %qual to the difference of two shielding constants. As men-

Fs)sggmﬂng the same calculation in a different Coordma‘tetioned before, no available theoretical method seems to be
' . sufficient for the accurate prediction of shielding constants.
MBII'P% %Q%Z%SDMBmpetngloggﬂéeéDW'th q 2:28 Though the best values for the hydrid€dAO-MCSCF and
(3), -SDQ- ), . » an " GIAO-SDQ-MBPT(4) valueg are probably well converged

QCiSr%]Z h?].s hb(:]en t;mplementeq ”mdthgf:ESd”f pr?ﬁram with respect to basis set and inclusion of electron correlation,
systerm which has been especialy designed Tor e CoMespa e s il 4 significant disagreement for more challenging

lated calculation of molecular energies and properties USingnolecules. Calculations based on the coupled-cluster ansatz
CC/MBPT methods. _Further details 6_‘bm¢ES I can be can be expected to clarify the current situation, since they
found in Ref. 32, which also summarizes most of the Cur'provide the most accurate treatment of these cases to date.
rently available features. On the other hand, a detailed comparison with experimental
data might help to reveal limitations of the GIAO-CCSD
approach.
Table V summarizes GIAO-CCSD results for nuclear
IV. APPLICATIONS magnetic shielding constants along with the SCF and MBPT
values from Ref. 15 and available experimental d&fa-%’

In the following, the accuracy of the GIAO-CCSD ap- All calculations have been performed at the experimenjal
proach is assessed by analyzing results obtained for reprgeometrie® using the pz3d2f basis set described
sentative chemical systems. We begin by studying nucleasefore’'*>This basis set consists of a 4&3d2f primitive
magnetic shielding constants of the simple hydrides HFset contracted tosbp3d2f for C, N, O, and F and as8p
H,0, NH;, and CH, as well as a few more challenging casesset contracted to €8p for H.89-%! Test calculations at the
that contain triple bonds—N CO, and HCN. This set of GIAO-MBPT(2) level indicate that this basis provides values
molecules is precisely the same as that used in Ref. 15 tfor the shielding tensor that are close to the basis set limit.
study the convergence of MBPT correlation corrections tolMe therefore refrain from further investigating the basis set
the shieldings. Second, we investigate the performance afependency of the chemical shifts and refer instead to the
GIAO-CCSD for the prediction of relative chemical shifts. literature!*

For a series of small, mostly organic molecuté€ chemical For the hydrides HF, kD, NH;, and CH,, the CCSD
shifts relative to Clj have been calculated and compared tocalculations provide persuasive evidence that the GIAO-
existing experimental gas phase détam Ref. 73 as well SDQ-MBPT(4) values are nearly converged with respect to
as previous GIAO-SCF and GIAO-MBRI) calculations the inclusion of electron correlation. When going from SDQ-
(from Ref. 11. Finally, the accuracy and performance of the MBPT(4) to CCSD, the changes are marginal and usually in
GIAO-CCSD approach are explored for formaldehydethe range of a few tenth ppm. The agreement of the present
(H,CO), diazomethanéCH,NN), and 0zongQ;). For these calculations with experimeft’®>~8"as well as results of re-
molecules, SCF and MBPT based methods either fail or haveent large-scale MCSCF calculatidfss excellent. A larger
great difficulties in correctly predicting the correlation cor- discrepancy is observed only for théO shielding of HO
rection to the shieldings. It is an interesting question whetheand is attributed to the fact that the experimehf& shield-
GIAO-CCSD is able to provide reliable predictions for the ing (based on a measurement of the spin rotation constant of
shielding constants of these molecules. CO) is about 15-20 ppm too large. This is consistent with

The experimental determination of absolute shielding
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TABLE V. Calculated absolute shieldings, in ppm for HF, H,0O, NH;, CH,, CO, N,, HCN, and F at the
SCF, MBPT2), MBPT(3), SDQ-MBPT4), and CCSD levels of theory using the GIAO ansatz ancpt8=2f/
pz3p basis set described in the text.

Molecule Nucleus SCF MBR2) MBPT(3) SDQ-MBPT4) CCSD Exptog? Expt o?

HF ¥k 413.6 424.2 417.8 418.7 418.1 416 419.7:6
H 28.4 28.9 29.1 29.1 29.1 2892 29.2:0.5

H,O 0 328.1 346.1 336.7 337.5 336.9 34417.2 357.6:17.2
H 30.7 30.7 30.9 30.9 30.9 30.68.015

NH; 5N 262.3 276.5 270.1 269.9 269.7 264805 273.30.1
H 317 31.4 31.6 31.6 31.6 30.68

CH, B¢ 194.8 201.0 198.8 198.6 198.7 194@9  198.4-0.9
H 317 31.4 31.5 315 31.5 30.6D.024

co B¢ —25.5 10.6 —4.2 4.1 0.8 0.60.9 2.8:0.9
0 -87.7 —465  —68.3 —52.0 —56.0 —42.3+17.2 —36.7+17.2

N, BN -1124  -416  -T722 —60.1 -63.9 —-61.6r05 —59.6+1.5

HCN 3¢ 70.9 87.6 80.8 84.3 84.1 82.1
5N -50.7 -0.3 -26.2 -14.9 -16.7 -20.4
IN 29.2 28.9 29.1 29.0 29.0 28.3

F, ¥F -1679 -170.0 -176.9 —174.0 -171.1 —-2328 -192.8

The experimentalr, values have been taken from Refs.(F8), 82 (1’0 in H,0), 83 (**N in NH,), 84 (*3C in
CH,), 73,(*%C in CO and HCN, 85 (*’0 in CO), 86 (**N in N, and HCN, 80 (F,), and 87(*H in H,0, NHj,
CH,, and HCN.

bFor the used rovibrational corrections, see Refs(HmB), 76 (H,0), 77 (NH,), 78 (CH,), 81(C0O), 79(N,), and
80 (Fy).

the large error bar of=17.2 ppm given for the experimental acetylene, various methyl, carbonyl, and cyano compounds,
value in Ref. 85. allene, as well as CO, CQand CF. The same systems were

Most interesting are the results for molecules containingpreviously used as a basis to investigate the accuracy of the
multiple bonds. Here, the CCSD shifts differ by up to a few GIAO-SCF and GIAO-MBPT2) methods(see Ref. 11 In
ppm from SDQ-MBPT4), thus indicating that the latter addition, for all of these compounds except formaldehyde
method slightly overestimates correlation effects due tqCH,0), Jameson and Jamegdrhave reported gas phase
single and double excitations. The nearly perfect agreemeidfC NMR chemical shifts. This facilitates the comparison
of SDQ-MBPT4) with experiment should therefore be con- petween theory and experiment especially since solvation ef-
sidered fortuitous, as CCSD slightly worsens the agreemenfects need not be considered. Since equilibrium geometrical
It might be argued that the remaining discrepancy at thaparameters are either unknown or highly uncertain for poly-
level of theory can be attributed to triple excitations, as thes@tomic molecules, all calculations presented here have been
effects are expected to yield somewhat larger values for thgarried out at the MBPR)/tz2p optimized geometries given
shieldings. It is well known that the geometry and propertiesy Taple | of Ref. 11. Basis set effects have been extensively
of CO, N, and HCN are strongly affected by triple excita- giscussed in Ref. 11. Here, calculations are only reported for
tion contributions, and it is therefore likely that chemical ihe |argeqz2p basis which has been shown to suffice for
shieldings are as well. _ _ _ accurate predictions of°C relative shifts. It consists of a

In addition, shielding anisotropies are reported in Table(1157p2d/654p2d) contraction for C, N, O, F and a
VI. T.hough these usually cann(_)t be determined experimen(632p/352p) contraction for H; thesp set has been opti-
tally in the gas phase—except in cases where the high syni;eq for atoms at the SCF le§8and standard polarization
metry of the molecule together with the calculated diamagy nctions are useff Table VIl summarizes results obtained
netic (_:ont_ribution to thg shielding tensor a}llows 'ghe at SCF, MBPT2), MBPT(3), SDQ-MBPT4), and CCSD
determination of the anlsotrop_y from the spin _rotatlon levels together with the absolute shielding constants for the
constants—these values are of interest as well. Amsotrome@nosen reference compound £H

can be deterr_nlned in_solid _state NMR experiments and, - Tthe accuracy of the various approaches can be inferred
there, calculations are often important for a correct assigng

mparin ndar viations with r he experi-
ment. Furthermore, the presumably very accurate CCSD varZy comparing standard deviations with respect o the expe

- ; . mental shifts. These are 11.4 ppm for SCF, 2.3 ppm for
ues for the full shielding tens&rmight be useful for calibra- i
tion of other theoretical approaches, e.g., those recenthBPT(z)’ 4.4 ppm for MBPTS), 1.8 ppm for SDQ

) . . ¥1BPT(4), and 2.5 ppm for CCSD. Thus, overall GIAO-
formulated in the framework of density functional theory. CCSD( of(')es not yie?c?a significantly bette’r agreement with

experiment than GIAO-MBP®) and GIAO-SDQ-
MBPT(4). Only the GIAO-SCF and GIAO-MBP(B) results

In this section, the performance of GIAO-CCSD in pre- are clearly inferior, mainly because many of the molecules
dicting relative shifts is investigated. The set of compoundsontain multiple bonds and/or lone pairs. For these, the SCF
chosen for this study—which focuses on tH€ nucleus— approximation is not adequate and MBBJ significantly
consists of small organic molecules such as ethane, ethylenenderestimates correlation effects. The excellent perfor-

B. 3C chemical shifts
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TABLE VI. Calculated shielding anisotropié¢do, in ppm for HF, H,O, NH;, CH,, CO, N,, HCN, and  at
the SCF, MBPT12), MBPT(3), SDQ-MBPT4), and CCSD levels of theory using the GIAO ansatz and the
pz3d2f/pz3p basis set described in the text.

Molecule Nucleus SCF MBR2) MBPT(3) SDQ-MBPT4) CCSD Expt
HF ¥k 102.1 85.8 95.7 94.2 95.0 98.8
H 23.6 22.9 22.8 22.8 22.8
H,0 0 54.3 41.6 479 47.2 47.7
H 20.6 20.6 20.3 20.2 20.2
NH, ! 20.0 229 22.0 21.8 21.6 26.0
H 16.2 16.7 16.3 16.2 16.2
CH, H 10.0 10.4 10.2 10.1 10.1
co ¢ 444.7 393.8 415.1 403.0 407.8 40614
0 747.3 684.7 717.7 693.3 699.3 67626
N, 15N 676.5 572.1 617.4 599.4 605.0 601.803+28"
HCN ¢ 310.1 286.7 296.5 291.4 291.7
! 585.0 510.8 549.2 532.4 535.0
H 14.7 15.1 14.9 15.0 15.0
F, 19k 984.2 987.0 997.4 993.1 988.7  1057050+50°

&/alue derived from spin rotation constant and calculated diamagneti¢fpareferences, see Table)V
bSolid state value from Ref. 93.
Solid state value from Ref. 94.

mance of MBPT2) should be attributed to some error can- perimental and calculated NMR spectra. However, for more
cellation, e.g., systematic errors in the MBRJTgeometries subtle questions such as those concerning conformational is-
[for CO, the MBPT2)/tz2p bond length is 0.007 A too long sues, this accuracy might not be sufficient.
which decreases the chemical shielding constant by about 4 Our conclusions primarily apply t&*C chemical shifts,
ppm and leads to deceptively good agreerhemmaining  but are likely to hold for other nuclei. However, one should
basis set effects, and neglect of rovibrational corrections ibbe always aware of the possibility that MBEJ grossly
the calculation. A superior performance of GIAO-CCSD canoverestimates correlation corrections to the shieldings. In
only be seen in a few cases such as, @&d CO for which  these cases, GIAO-CCSD is the only available theoretical
the MBPT(2) results show the largest deviations from experi-tool for reliable predictions. Still, some limitations remain, as
ment. These errors are corrected at the CCSD level. Thdiscussed in the following section.
overestimation of the correlation effects at second order is a
well known phenomen and should always be kept in mind )
when carrying out production calculations. Also, the oscilla-C' Formaldehyde, diazomethane, and ozone
tions between consecutive orders of MBRI.g., for CQ, To investigate further the performance of the GIAO-
SCF yields 147.9, MBP{R) 138.0, MBPT3) 144.6, SDQ- CCSD approach, we focus in the following on formaldehyde
MBPT(4) 140.0, and CCSD 141.8 ppm, respectijedyhib-  (CH,=0), diazomethangCH,—=N=N), and ozone(O,),
ited by most of the compounds in Table VIl is characteristicthree molecules for which large correlation corrections to the
of slowly convergent perturbation expansions. The infinite-shieldings have been observeste Refs. 10, 25, and R7To
order CCSD results are often, but not always, between thosgliminate errors due to inappropriate geometries, all calcula-
obtained at second and third order. tions reported in the following have been performed at
The results indicate that it is hard to improve upon CCSOT)/qz2d1f optimized geometrie® Those are more
GIAO-MBPT(2) results as long as MBRZ) geometries are accurate than the MBRZ)/tz2p geometries used in the pre-
used and rovibrational corrections are neglected. In casegous section and usually found to be very close to the ex-
with small correlation correctioné.e., up to 10-20 ppin  perimentalr, structures” Table VIII summarizes the results
MBPT(2) gives errors of only a few ppm compared to ex- for the shielding constants obtained at various levels of
periment. Usually, those cannot be further reduced by @heory using theyz2p andpz3d1f basis sets®
higher-order correlation treatment. The use of SDQ- Formaldehyde is probably the least difficult of the three
MBPT(4) and CCSD improves the agreement only for moretest cases. Large correlation effects are only observed for the
challenging cases with large correlations correctiéms, 20 17O shielding; the correlation corrections foiC andH are
ppm and more in case ofC). To further reduce errors, itis small and adequately described at the second-order level. But
necessary to base calculations on more accurate geometriies the 'O shielding, second order predicts a correlation
[e.g., those optimized at the CCED level with large basis correction of about 120 ppm. Inclusion of third-order terms
setd, include rovibrational corrections and account for thereduces this value down to 28 ppm, while the additional
effects of triple excitations. The accuracy which can beconsideration of fourth-order contributions increases it again
achieved in the “standard” approadkimple calculation of to 81 ppm(cf. Table VIII). These large oscillations between
the chemical shifts without rovibrational corrections usingconsecutive orders clearly demonstrate the need for a more
geometries optimized either on SCF or MBRJ level] is  accurate treatment of correlation in this case. The GIAO-
often sufficient to elucidate the structure by comparing ex-CCSD calculations provide results that are close to those
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TABLE VII. Calculated 3 NMR chemical shifts(s, in ppm) at SCF, most other casegf., for example, CHO), the changes in the
MBPT(2), MBPT(3), SDQ-MBPT4), and CCSD level using the GIAO an- 15N shieldings when going from SDQ-MBR4) to CCSD
Zitdz' ;‘2 ‘é?\'l‘;isvcg:’?ebsiiltogg:: ;’;'ftrgr‘fg basis described inthe text - 510 |rge, indicating that MBPT is not reliable for g¥N.

i The agreement of the GIAO-CCSD results with the available
Molecule ~ SCE MBPT(2)® MBPT(3) SDQ-MBPT4) CCSD Expt  experimental datd%'%s satisfying considering the fact that
rovibrational corrections and solvent effects are neglected.

CH,CH; 11.7 135 13.1 12.9 12.7  14.2 i )
CH,CH, 1358 1303 1315 1291 1279 1306 The differences petwefan theory and _expenment are for the
CHCH 81.8 78.2 80.4 77.9 77.4 77.9 central and terminal nitrogen atoms in the expected range.
CH,F 71.2 79.7 75.6 75.9 75.3 783 The GIAO-CCSD calculations seem to somewhat better re-
CH;OH 520 593 55.9 56.0 55.6  58.5 produce the experimental values than the GIAO-MCSCF cal-
CHaNH, 319 366 34.8 34.5 342368 o 1ations, but this might be fortuitous, since triple excitation
CH, CHO 335 387 36.8 36.6 36.1 379 o babl liible for GNIN
CH,COCH, 322 37.0 354 35.1 a4g 371 effects are probably not negligible for GNN.
CH,CN 48 7.9 7.6 7.4 72 74 Difficulties in the calculation of thé’O shieldings of
co 2249 1904 2038 194.4 198.7 194.1 ozone have been reported by Schindler and Kutzeltigg,
gozo 237-3 138-2 1‘;‘;-2 1‘;2-0 131-8 136.3 who noted a large discrepancy between their SCF based
H, 5. 194. 198. 193.7 194.1 - : ; )
CHCHO 2113 2003 2045 109.8 2003 2018 IGILOdresulltslar?dﬁtg%publls][\edhexperlmental an]meers. Cor
CH,COCH, 2188  207.3 212.2 207.2 207.6 2082 related calculatio gave further support to the assump-
HCN 1275 114.2 119.4 115.3 115.6 113.0 tion that electron correlation makes extremely large contri-
CHLCN 135.1 1254 128.6 124.4 124.2 121.3 butions to the magnetic properties of.CGIAO-MBPT(2)
CHCCH, 2400 2275 230.1 2253 222.5 2244 calculations give unrealistically large correlation corrections
CH,CCH, 817 806 81.5 80.4 79.9 799 17 Ll it
CF, 1164 1371 1311 130.7 1303 1306 © the 17O shieldings(several thousand ppt indicating

that neither SCF nor finite-order MBPT provides even a
3The calculated shielding constants for Chlre 195.7 (SCP, 201.5  qualitatively correct description. To date, only MCSCF
[[MBPT(2)], 199.4[MBPT(3)], 109.1{SDQ-MBPT4)], and 199.2CCSD.  calculations® (based on the MC-IGLO ansatzput similar
cgz;::ggg: % results should be expected from GIAO-MCSCF calculations
and some density functional studi&Shave satisfactorily re-
produced the experimental chemical shifts. Though one
obtained at the SDQ-MBR%) level. The correlation correc- should not expect GIAO-CCSD to perform extremely yvell
tion (67 ppm is somewhat smaller, thus indicating that for O, [qompare, eg. the per.formance'of CC methods in the
calculation of the asymmetric stretching frequency of O

SDQ-MBPT4) slightly overestimates the correlation correc- o .

tions due to single and double excitations. Although the(Ref' 1_04]’ it is interesiing to see to what extent GIAQ-
GIAO-CCSD value can be considered to be the best theoretlgcsp s able to correct the very poor SCF values. Table VIl
cal values to date for Cj, its accuracy is hard to judge. A ]E:ont(e)uns GIAhO'SC.Fr’] GAAO'MBP.T’ anleIAOt-)CCSfD rele:\J)It?
comparison with experiment is not very useful, due to the or O together with the experimental numbers from Ref.
large uncertainf of 100 ppm. Furthermore, it is expected 105. The latter have been converted to absolute shieldings

H 17, ; _ . .
that triple excitation effects are important and will slightly using ("0, liq. .HZO)_.397'9 ppm. Large oscﬂlaﬂqns are
increase the correlation correction faf'’0). again observed in the finite-order MBPT results with corre-

: ] : lation corrections in the range of 2300-5700 ppm. GIAO-
The nitrogen shieldings of diazometha(@H,NN) have . . .
been recently computed by Jaszunskial?’ using the CCSD gives—1408 and—985 ppm, values which are still

GIAO-SCF and GIAO-MCSCE method. It was found that M°re than 100 ppm off from the experimental numbers.

the correlation corrections are large, i.e., about 170 ppm fo-rlc-:rg:osugh theltagreemgnt _]i_s fail fr%mttsatlfr:act(:[]y, the ;IAO'd
the terminal nitrogen. Though the correlated calculation results areé signimicantly better than those obtane

(MCSCF with rather large active spageed to a much rom MBPT (cf. Table VIII), CCD, or QCISD calculations.
closer agreement with experiment, a discrepancy persiste .%esgttfgfévg mlécg S?Ere unregaDl:/)Iezzresultz Tf%g?o'
Remaining differences of about 20—30 ppm for both nitro- d 1[534 O. an CISb prZfT(C | qz2p) aﬂ incl :
gens were attributed by the authors to deficiencies in th&M9 ~ P ppm(Q /q. Pl tsgemst atlln'c usion
calculations(geometry effects and insufficient treatment of of triple excitations is essential for a reliable prediction of the

dynamical correlationand the neglect of rovibrational and magnetic properties of O

solvent corrections. Our chemical shift calculations for diaz-

omethane are intgnded to supplement the study of Ref.. 20 CONCLUSIONS

and to further clarify the role of electron correlation for this

challenging molecule. With the GIAO-CCSD approach described in the present
The GIAO-MBPT(n) and GIAO-CCSD results for paper, highly accurate calculations of nuclear magnetic

CH,NN are given in Table VIIl. Strong correlation depen- shielding constants and NMR chemical shifts are now fea-

dence is seen in the finite-order MBPT results for the twosible. Thus, together with the GIAO-SCF, GIAO-MBRTI)(

15N shieldings; the calculated correlation corrections are 8&nd the GIAO-MCSCF method, a hierarchy of different

and 233 ppm at second order, 44 and 189 ppm at third ordemethods exists that allows treatment of chemical problems to

and 33 and 206 ppm at partial fourth-order for the centrabe carried out at various level of accuracy and computational

and terminal nitrogen, respectively. In addition, unlike in cost. While the GIAO-SCF an@o some extentthe GIAO-
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TABLE VIII. Calculated nuclear magnetic shielding constaitsin ppm for CH,O, CH,NN, and Q. All calculations have been performed at CQ3P
qz2d1f optimized geometries using tlgg2p andpz3d1f basis sets described in the text.

SCF MBPT2) MBPT(3) SDQ-MBPT4) CCSD  SCF MBPT2) CCsD
Nucleus qz2p pz3dif Expt
H,CO:
C -7.3 7.9 2.9 6.8 6.5 -8.2 4.6 3.2 —0.5+32
O —452.4 —333.5 —424.9 —-371.4 —385.0 —447.3 —337.7 —387.5 —427+1002 —375+100°
H 22.7 22.4 22.5 225 225 22.5 22.1 22.2
H,CNN:
C 164.0 178.0 169.6 171.2 171.0 164.3 178.3 170.9 £64.5
Neentral -10.9 —96.8 —55.2 —44.8 -235 -133 —96.7 —26.7 —43.4
Nierminal —304.4 70.6 —124.4 -97.6 —-156.9 —-302.6 55.6 —161.4 —149.0'
H 28.6 28.6 28.6 28.7 28.7 28.5 28.4 28.5
Os:
Oterminal —2860.8 1248.2 -679.2 —-503.5 —-1401.7 —2785.0 1006.5 —1408.0 —-129C¢
Ocentral —2767.1 2875.3 384.5 168.4 —966.8 —2716.2 26055 —985.8 —72£
% rom Ref. 99.

From Ref. 74.

°The chemical shift from Ref. 100 has been converted to absolute shieldingsa{sifig TMS)=188.1 ppm(Ref. 73.
9The chemical shifts from Ref. 101 have been converted to absolute shieldingsoSiNg CH;NO,)=135.0 ppm.
®The chemical shifts from Ref. 105 have been converted to absolute shieldingsosiag lig. H,0)=307.9 ppm.
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