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Abstract: Equation-of-motion coupled cluster singles and doubles (EOM-CCSD) calculations have been
performed to evaluate three-bond >N—3!P coupling constants (3"Jy-p) across N—H---O—P hydrogen bonds
in model cationic and anionic complexes including NH; :OPH, NH;":OPH3, NH3:~O2PH,, NFH,:~O2PH,,
and NF;H:~O,PH,. Three-bond coupling constants can be appreciable when the phosphorus is P(V), but
are negligible with P(lll). 3"Jy-p values in complexes with cyclic or open structures are less than 1 Hz, a
consequence of the nonlinear arrangement of N, H, O, and P atoms. For complexes with these structures,
ShJn—p May not be experimentally measurable. In contrast, complexes in which the N, H, O, and P atoms
are collinear or nearly collinear have larger values of 3"Jy_p, even though the N—P distances are longer
than N—P distances in cyclic and open structures. In linear complexes, 3"Jy-p is dominated by the Fermi-
contact term, which is distance dependent. Therefore, N—P (and hydrogen-bonding N—O) distances in
these complexes can be determined from experimentally measured ®*N—3!P coupling constants.

Introduction

The observation of two-bond NMR XY spin—spin coup-
ling constants FJx_v) across X-H—Y hydrogen bonds has

led to a great deal of excitement and activity in the chemi-

cal, biochemical, and theoretical chemistry communitiés.
Very recently, Shirakawa et &t.reported a study of three-bond

I5N—31P  spin-spin coupling constants 3y_p) across
N—H---O—P hydrogen bonds in protein:nucleotide complexes.
The observation of such couplings is interesting in itself, and
may have important consequences, given the crucial role that
hydrogen bonds play in the three-dimensional structures of these
complexes, and hence in their reactivity. However, what is
perhaps even more intriguing is the observation that among the
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coupling constant. The authors speculated as to why this might
be so. They stated, “It is possible that the linear arrangement
of the 31P nucleus relative to hydrogen and H-bond accepting
oxygen nuclei is a prerequisite for the presence of observable
trans-H-bond couplings.”

We have previously reported data showing the dependence
of 2Jy_n on the linearity of the hydrogen bond and the
orientation of the proton-acceptor moleciteTo further
establish these relationships, we will investighifiy_p coupling
constants in several model systems withiit--O—P hydrogen
bonds, and examine the geometry dependencélofr. We
have already demonstrated that NMR spépin coupling
constants across hydrogen bonds computed using equation-of-
motion coupled cluster singles and doubles (EOM-CCSD) theory
are reliable, and have predictive vafi€'%11-18The present study
provides an excellent example of the unique role that such a
theory can play in supporting and understanding experimental
studies, since it is possible for us to arrange the hydrogen-bonded

(16) Del Bene, J. E.; Perera, S. A.; Bartlett, R. J.; Alkorta, I.; Elguerd, J.
Phys. Chem. 200Q 104, 7165.
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molecules in different conformations and then compute the H H
coupling constant for each arrangement. We can then answer H
the question of which orientation gives the largest coupling
constant. N e 0 R

H
Method of Calculation H \

The models used for this study include both cationic and anionic
complexes having NH*---O—P and N-H---~O—P hydrogen bonds,
respectively. The cationic complexes are NKDPH and NH™:OPH, Table 1. Selected Structural Parameters and Electronic Binding
and the anionic complexes include BIHOPH,, NFH,:"O.PH;, and Energies (AE.) for Complexes NHs*:OPH and NH,*:OPH3?
NF:H:"O.,PH,. The cyclic, open, and linear structures of selected
complexes considered are optimized structures at second-order pertur

Figure 1. The optimized linear structure of NFH:OPHs.

sym N-O0 N-H OH-N-O0 ON-O-P AE,

i — 20 \yi i NH,*:OPH
batlzi)PZStheory [MBPT(2)= MP2J}"-20 with the 6-3H1-G(d,p) basis opti4mized C. 2694 1.052 4 I
set: o _ _ _ opt.linear  Cs 2704 1.049 ) 180 —22.6
NMR spin—spin coupling constants are obtained from equation-of-  NH,+:0PHg
motion coupled cluster singles and doubles (EOM-CCSD) theory in  optimized Cs 2582 1.070 4 167  —33.7
the Cl-like approximatiod®-2° For these calculations, a qzp basis set  opt. linear Csy 2588  1.067 o 180° —33.6
was used on N and O, gz2p on P and the hydrogen-bonded gfoton, ] ] ] T ]
and Dunning’s cc-pVDZ basis® on other hydrogens. The Ahlrichs aDistances in A; angles in deg; energies in kcal/nfidh the linear

structures, these angles were constrained during the structure optimization.

basis séf has been found useful for the calculation of NMR parameters. cThe NH; and PH groups are staggered.

The coupling constant calculations are done with the ACES II

program?2 All calculations were carried out on the Cray T94 and SV1 .0
computers at the Ohio Supercomputer Center. H '
Results and Discussion /
o He-N P<H
Structures of Complexes.The optimized structure of the \ H

complex NH™:OPH [with P(Ill)] has Cs symmetry, with an
N—O distance of 2.694 A, a slightly nonlinear—¥---O
hydrogen bond, and an NO—P angle of 158 A second
complex was also optimized with N, H, O, and P atoms Figure 2. The equilibrium cyclic structure of NEOzPH,.
constrained to be collinear. This “linear” complex has a slightly
greater N-O distance of 2.704 A, but is only 0.4 kcal/mol less nonlinear N-H---O hydrogen bond, and an-ND—P angle of
stable than the fully optimized structure. The fully optimized 167°. An optimized “linear” structure ofCs, symmetry was
structure of the complex NF:OPH; [with P(V)] also hasCs found to have an NO distance of 2.588 A. This structure,
symmetry, with an N-O distance of 2.582 A, a slightly  which is shown in Figure 1, is only 0.1 kcal/mol less stable

- than the fully optimized structure. Selected structural param-
88 Bariet R 3 S'l']‘r’\'f{s'yDG"“’E',Jhﬂ"egh;%ﬁqlsgﬁeﬁg%5f4 61 eters and binding energies for these complexes are reported in
(19) Pople, J. A.; Binkley, J. S.; Seeger, IRt. J. Quantum Chem., Quantum Table 1.
(20) Knhman, R Poie_ 3. Ant. J. Quantum Che978 14, 91, For NHs:~O;PH,, a cyclic structure stabilized by two distorted
(21) Hehre, W. J.; Ditchfield, R.; Pople, J. A. Chem. Physl972 56, 2257. N—H---O hydrogen bondS, four open structures stabilized by a

(22) Hariharan, P. C.; Pople, J. Aheor. Chim. Actal973 28, 213. . . .
(23) Spitznagel, G. W.: Clark, T.. Chandrasekhar, J.; Schleyer, P. \l. R.  Single hydrogen bond, and a linear structure were obtained. The

Comput. Chem1982 3, 363. ini i i i
(24) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. . R. glObal minimum on the po.tentllal surface is the CyCIIC St.ru.Cture
Comput. Chem1983 4, 294. of Cs symmetry, shown in Figure 2. Among the optimized

(25) Structure optimizations were done with Gaussian 98. Frisch, M. J.; Trucks, - i
G.W.: Schiegel H. B.. Scuseria. G. E.. Robb. M. A.: Cheeserman, J. R.. structures for N ~O,PH,, the cyclic structure has the longest

Zakrzewski, V. G.; Montgomery, J. A, Jr.; Stratmann, R. E.; Burant, J. N—O distance of 3.172 A, but the shortest-R distance of
C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain, M. P B

C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.; Mennucci, 3.611 A' Four open structures GTS symmetry in which _On_ly
B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.; Petersson, G. A.; one N—H---O hydrogen bond can form were also optimized.
Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.; Rabuck, A. D; H ) _ .
Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Stefanov, These isomers have th . bond (hydmgen bonded O) (':IS
5. B, Lig, CLB I'.:iash%nkg, AK.; Pri]skgrz,AT.L; l;omaroMmiAl.: lgEompeCrtS,YR.; or trans to the Nklgroup with respect to the hydrogen-bonding

artin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.; AL . . .

Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.; Johnson, N—O line. For each Isomer, the Blgroup may be either cis or

B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon, M.; Replogle,  trans to the hydrogen-bonded-Wi with respect to the ©P
E. S.; Pople, J. AGaussian 98revision A.9; Gaussian, Inc.: Pittsburgh,

PA. 1998 (hydrogen-bonded O) bond. None of the open isomers are
(26) Perera, S. A.; Sekino, H.; Bartlett, R.J0.Chem. Phys1994 101, 2186. equilibrium structures on the potential surface. The most stable
(27) Perera, S. A.; Nooijen, M.; Bartlett, R. Chem. Phys1996 104, 3290. . K
(28) Perera, S. A Bartlett, R. J. Am. Chem. S0d.995 117, 8476. open isomer has the €P bond (hydrogen-bonded O) cis to
(29) Perera, S. A.; Bartlett, R.'J. Am. Chem. So0d.996 118 7849. the NH2 group, and the Pngoup trans to N—H’ as shown in
(30) Schiger, A.; Horn, H.; Ahlrichs, RJ. Chem. Phys1992 97, 2571. . i . . . .

(31) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007. Figure 3. This complex is stabilized by a slightly nonlinear
(32) Woon, D. E.; Dunning, T. H., Jd. Chem. Phy51995 103 4572. hydrogen bond and has an_rq)_P ang'e Of 126. The N_O

(33) ACES Il is a program product of the Quantum Theory Project, University . . .
of Florida. Authors: Stanton, J. F.; Gauss, J.; Watts, J. D.. Nooijen, M.; and N—P distances are 3.001 and 4.087 A, respectively. This
Oliphant, N.; Perera, S. A.; Szalay, P. G.; Lauderdale, W. J.; Gwaltney, S. H
R Beck. S Balkova A Bernholdt, D, E.. Bacck K.-K. Tozycsko. b ope.n. s.tructure. is only 0.4 kcal/mol less stable than the
Sekino, H.: Huber, C.; Bartlett, R. J. Integral packages included are VMOL equilibrium cyclic structure. Another open structure was found
(Almlof, J.; Taylor, P. R.); VPROPS (Taylor, P. R.); ABACUS (Helgaker, ; ; B
T.; Jensen, H. J. Aa.; Jorgensen, P.; Olsen, J.; Taylor, P. R.). Brillouin- In V_VhICh the_ N, H, O, and P at_oms_ were constrained to be
Wigner perturbation theory was implement by Pittner, J. collinear. This complex, shown in Figure 4, has the shortest
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o Table 3. 3"Jy—p and Components of 3"Jy_p (Hz) for the Optimized
Linear Structures of NHs":OPH and NHs":OPHj3

complex PS0? DSO? FCa SDa NJy—p

NH4":OPH —-0.2 0.0 0.1 —-0.2 -0.3
po--- H NHsT:OPH; —-0.2 0.0 —10.5 —-0.2 —10.9

~u
a8 PSO= paramagnetic spinorbit; DSO= diamagnetic spirorbit; FC
H "f = Fermi-contact; SB= spin dipole.
1
k‘N— Hoeoroommemmnmmnneenns 0 Table 4. 3"Jy—p (Hz) for Linear NH,T:OPH3 as a Function of the

N—P Distance (A)2

Figure 3. The most stable open isomer of MHO.PH, with a single

N—H---O hydrogen bond. NP e
3.92 —16.3
(o] 4.02 —-13.0
o H / 411 -10.5
\\\\ 4.22 —7.9
N——H- s 0O P\ 4.37 —5.4
452 -3.6

H

H

] o ) aThese data are illustrated graphically in Figurd $he O-P distance

Figure 4. The optimized linear structure of NH OPH,. in NH,:OPHs is 1.521 A.c The N—P distance in the optimized linear
structure shown in Figure 1.

Table 2. Selected Structural Parameters and Electronic Binding

Energies (AE.) for Complexes NH3z:"O,PH;, NFH»:~O2PH,, and . . .

N,:ZF?;—OZ(pH;a) P oo zoaE hydrogen bonds are dominated by the Fermi-contact term, which

is distance dependeft:1911.14Experimental studies of'P—

31p spin-spin coupling constants*Jp_p) across N-H*—N

N-O0 N-H N-P OH-N-O  ON-O-P AE,

NH31702PH2b .

cyclic 3172 1019 3611 26 94 -103 hydrpgen bonds have also been repo?ﬁed)ur theoretical
opert 3.001 1.026 4.087 6 126 -9.9 studies have shown that four-bof—3'P coupling constants

opt. linear 2972 1.025 4.502 40 18¢¢ —9.0 are also dominated by the distance-dependent Fermi-contact
NFHz:~0zPH; 16

oyclic 3029 1026 3.470 24 63 —19.6 terml®in the prese_nt study, we have computed I_DSO, DSO, FC,
NEH:~O,PH, and SD contributions to three-bond—® couplings across
opt. linear 2.675 1.053 4.211 a0 1800 —226 N—H*---O—P hydrogen bonds for linear NF:OPH in which

the phosphorus is P(lll), and for linear WHOPH; in which

aDistances in A; angles in deg; energies in kcal/mol. All complexes the phosphorus is P(V). The results are reported in Table 3
haveCs symmetry.? The cyclic, open, and linear structures are illustrated | ’

in Figures 2, 3, and 4, respectivelyThis structure was constrained to have  1hese data show that theN—31P coupling constant involving
only one hydrogen bond.In linear structures, these angles were constrained P(l) is very small, with a value of only-0.3 Hz. In contrast,

during the structure optimization. the15N—31P coupling constant for P(V) is much larger-at0.9

N—O distance of 2.972 A, and the longest-R distance of Hz and is dominated by the Fermi-contact term-di0.5 Hz.
4.502 A. The linear complex is 1.3 kcal/mol less stable than For the P(V) complex, the PSO, DSO, and SD terms are more

the cyclic complex. Selected structural parameters and bindingthan an order of magnitude smaller than the Fermi-contact term.
energies for these complexes are reported in Table 2. To increasg herefore, the Fermi-contact term will be used to approximate
the strength of the hydrogen bond and decrease the hydrogen In-p. ) .

bond distance, NFiand NRH have also been employed as Tab_le4reports the distance dependence of the Fermi-contact
proton donors to~O,PH,. The global minimum on the tgrm_ n linear NH‘+:OPH3' Th? value ofy-p decreases
NFH,:~O,PH, potential surface is a cycli€s structure, which S|gn|f|c§1ntly as a function of distance, from16.3_ Hz at an

is similar to the cyclic structure on the NHO,PH, surface NP distance of 3.92 A, t6-3.6 Hz at an N-P distance of
which is shown in Figure 2. However, it has shorter®and 452 A. There is a smooth decrease®@h—p as a function of
N—P distances of 3.029 and 3.470 A, respectively. The increasing N-P dlst_ance, as illustrated in Figure 5. Figure 5
optimized linear complex of NJH: ~O,PH, is structurally similar can b_e used to predlct-l\P distances (gnd, therefore, hydrogen-
to the linear isomer of NE~O,PH, shown in Figure 4. Rela- ~ Ponding N-O distances) from experimental three-bone N

tive to linear NH;~O,PH,, linear NEH:~O,PH, has shorter spin—spin coupling constants in cationic complexes stabilized
N—0 and NP distances of 2.675 and 4.211 A, respectively. PY N—H"+-*O—P hydrogen bonds. _
Selected structural parameters and binding energies for these 1he coupling constants reported for NOPH; are obtained
anionic complexes are also reported in Table 2. All of the fOr the complex in which the N, H, O, and P atoms are

complexes investigated in this study are stabilized by traditional onstrained to be collinear. To what extent d&¥s-p change
N—H---O hydrogen bond¥ if the phosphorus atom does not lie on theN—O line? As

we have previously indicated, Shirakawa et’auggested that

a linear arrangement of H, O, and P atoms is a prerequisite for
a measurabléhJy_p. This suggestion was based on the fact

that they observed a coupling constant only in the protein:
nucleotide complex in which H, O, and P appear to be nearly

NMR Spin—Spin Coupling Constants.There are four terms
which contribute to the total spirspin coupling constant: the
paramagnetic spirorbit (PSO), diamagnetic spirorbit (DSO),
Fermi-contact (FC), and spin dipole (SD). In previous studies,
we have demonstrated that two-bond spépin coupling
constants acrossANH—N, N—H—0O, O—H—-0, and C+H—N

(35) Laynez, J.; Mehwdez, M.; Velasco, J. L. S.; Llamas-Saiz, A. L.; Foces-
Foces, C.; Elguero, J.; Molina, P.; AlajariM. J. Chem. Soc., Perkin Trans.
(34) Del Bene, J. E.; Jordan, M. J. Tht. Rev. Phys. Chem1999 18, 119. 21993 709.
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FC (Hz)

-5 1

180 160 140 120 100 80

-3 -

3.90 4.20 4.30 4.40 4.50 4.60

N-P (A)
Figure 5. The distance dependence of the Fermi-contact term for linear Figure 6. The Fermi-contact term for N&4:OPH; as a function of the

4.00 4.10 <N-O-P (9

NH,":OPH; (see Figure 1). The optimized linear structure has arPN
distance of 4.11 A.

Table 5. 3"Jy—p (Hz) for NH, :OPHj3 as a Function of the N—O—P
Angle (deg)a ¢

N—O—P angle. An angle of 180corresponds to a linear arrangement of
N, H, O, and P, as shown in Figure 1. Decreasing QP angle
corresponds to a counterclockwise rotation of @Rbout an axis through
O and perpendicular to the symmetry plane. TheQNdistance is 2.85 A.

Table 6. N—P Distances (A) and 3"Jy_p (Hz) for Optimized Cyclic,

ON-0-P M Open, and Linear Anionic Complexes
iggj _gi complex N-P hy-p
150 —3.6 cyclic
130 -11 NHz:~OPH2 3.61 0.4
110 +0.9 NFH2:~O.PH, 3.47 0.6
90 —-0.1 open
NH3z:~OPH,? 4.09 0.4
aThe N-O distance is 2.85 A; the ©P distance is 1.52 A& The linear
N—O—P angle was varied by rotation of OREbout an axis through the NH3z:~OPH* 4.50 —-1.9
O atom, and perpendicular to the symmetry plane of the complex. See Figure NFH:~OPH, 4.21 —-4.7

1.¢These data are illustrated graphically in Figure¢! 8t ON—O—P =

180, N, H, O, and P are collinear. aThe cyclic complex shown in Figure 2 The open complex shown in

Figure 3.¢ The linear complex shown in Figure 4.

collinear in the crystal structure, even though the®ldistance
in that complex was not the shortestl distance. (It should  coupled atoms across the hydrogen bond gives rise to a larger
be noted, however, that the crystal data for these complexescoupling constant is a question that remains to be answered.
are limited by the accuracy of the atomic coordinates in the 2.2 Table 6 reports N-P distances an#Jy-p coupling constants
A structure and that the hydrogen atom in the hydrogen bond for the anionic complexes which include two equilibrium cyclic
was added to the crystal structure using idealized covalentcomplexes (NB~O.PH; and NFH:~O:PH,), the optimized
geometry:®) We have examined the angular dependence of open complex of Nit~O,PH, which is stabilized by a single
3hJy_pin NH4":OPHs. For this investigation, the hydrogen bond hydrogen bond, and two optimized linear complexes £NB.-
N—O distance is fixed at 2.85 A, the ND distance in the =~ PH, and NRH:"O.PH,). The N-P distances in the cyclic
protein:nucleotide complex for which a coupling constant was complexes are 3.61 and 3.47 A, respectively, but thePN
measured in ref 15. coupling constants are very small at 0.4 and 0.6 Hz, respectively.

Table 5 shows the variation 8fJy_p as a function of the  Similarly, 3"Jy_p is only 0.4 Hz in the open Ngi~O.PH,
N—O—P angle. (Because N, H, O, and P are collinear, the complex in which the P atom does not lie along the hy-
N—O—P angle is equal to the HO—P angle.) These data are drogen-bonding axis. In contrasfJy-p values of—1.9 and
presented graphically in Figure 6. Table 5 and Figure 6 show —4.7 Hz are found for linear Nki"O,PH, and NRH:~O,PH,,
that a small deviation from linearity is accompanied by only a respectively, even though the-¥ distances in these com-
small decrease ifJy_p. Thus, a 10 deviation reduce®Jy_p plexes are significantly longer at 4.50 and 4.21 A, respec-
from —5.4 to —5.1 Hz. However, a 30variation results in a tively. These data lend further support to the importance of a
33% reduction of the coupling constant, which has a value of linear or nearly linear NH—O—P arrangement for a measurable

only —3.6 Hz when the NO—P angle is 1580 An additional

30° decrease in the NO—P angle reduce¥Jy—p to nearly zero.
Thus, the N-P coupling constant decreases as the P atom is
removed from the hydrogen-bonding axis. This occurs despite
the fact that as the NO—P angle decreases, the-R distance
also decreases. Thus, these results support the suggestion th
a nearly linear NH—O—P arrangement is required for a
measurable three-bord@N—231P spin-spin coupling constant.
That linear hydrogen bonds have larger coupling constants is
also consistent with the results of previous studies of two-bond
170—-170 and™N—15N coupling constants across-®—0O and
N—H—N hydrogen bond&!14 Why a linear arrangement of

6396 J. AM. CHEM. SOC. = VOL. 124, NO. 22, 2002

I5N—31P coupling constant across an-MN---~O—P hydrogen
bond?®®

Table 7 reports the distance dependence®f-p for linear
NHs:~O,PH,. These data are shown graphically in Figure 7.
As is evident from this figure3\Jy_p varies smoothly with
distance. Figure 7 can be used to provide an estimate-d¢? N
(and, therefore, hydrogen-bonding-®) distances from ex-
perimentally measured three-bond spépin coupling constants
across N-H---~O—P hydrogen bonds. At an-NO distance of
2.85 A, the computed value &fy—pis —2.9 Hz. The absolute
value of the computed coupling constant is smaller than the
experimental value of 4.6 Hz reported in ref 15 for the protein:
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Table 7. 3h"Jy—p (Hz) for Linear NH3:~O,PH, as a Function of the
N—P Distance (A)2

N-pb Myp

4.21 —5.2
4.26 —4.3
4.38 —-2.9
4.5C¢ —-1.9
4.62 -13

aThese data are illustrated graphically in Figur@ The P-O distance
is 1.530 A.¢ The N—P distance in the optimized linear structure illustrated
in Figure 4.

-6-‘

-5 -

FC (Hz)
w

-2

-1 4

04
4.10

4.20 4.30 4.40 4.60 4.70

N-P (A)

4.50

Figure 7. The distance dependence of the Fermi-contact term for linear
NH3z:~O,PH, (see Figure 4). The optimized linear structure has arPN
distance of 4.50 A.

nucleotide complex with Alal8 and am-phosphate group.

8hJy—pis reasonable taking into account the gyromagnetic factor
of 15N.

Conclusions

This study supports the following conclusions.

(1) The>N—31P coupling constant in Ni:OPH; [with P(V)]
is of sufficient magnitude to be measured experimentally,
provided that N, H, O, and P atoms have a linear or nearly
linear arrangement. The value &fy_p for this complex is
dominated by the Fermi-contact term, which is distance de-
pendent. In contrasgy_p is negligible in NH™:OPH [with
P(In].

(2) The three-bonéN—31P coupling constant for Ngi-O,-

PH, is greatest in the optimized linear structuf&ly_p is
negligible in the equilibrium cyclic structure which is stabilized
by two distorted N-H---O hydrogen bonds, and in an optimized
open structure stabilized by a single hydrogen bond, despite
the fact that the N-P distances in the cyclic and open structures
are shorter than the NP distance in the linear structure.

(3) 3hIy-pis distance dependent in linear anionic and cationic
complexes. Thus, NP (and, therefore, hydrogen-bonding
N—O) distances can be determined for such complexes from
experimentally measured coupling constants.

(4) The absence of a three-bone-R coupling constant does
not preclude the existence of an-N---O—P hydrogen bond,
since a near linear arrangement of N, H, O, and P atoms is
required for a measurable value #8y_p.
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